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Abstract 
Traditionally pharmaceutical manufacture is conducted on a batch basis but significant 
resources are being invested into the use of intensified continuous processes. 
This dissertation evaluates the use of a combined twin screw and segmented fluid bed drying 
process to produce granules on a continuous basis.  The experimental program was 
conducted using structured Design of Experiments in three stages.   
 Wet granulation only:  Investigated the initial relationships between liquid/solid ratio 
and power required for wet granulation, as well as granule structure using SEM 
imaging. 
 Wet granulation and fluid bed drying: Concluded that the biggest control over the 
measured mean granule size (d50) produced from the combined system was still the 
ratio of water to dry powder in the wet granulation.   
 Wet granulation through to compression:    The effects of changes in the granulation 
process were not statically relevant on the final tablet for the process set up. 
The study also used PEPT data to assess motion within the TSG.  The studies showed: 
 The time spent in the kneading zone directly after the liquid addition in relation to 
the overall time spent in the granulation process appears independent of the process 
set up at 32% ± 2%. 
 As the barrel speed of the granulator increases the relative time spent in the final 
‘breakage zone’ of the TSG increases, therefore increasing breakage. 
Using the findings from the literature, the results of the experimental program were used to 
define the mechanisms occurring within the TSG. 
The experimental findings were input into a model to predict the outcome of collisions 
between particles.  The model predicts agglomeration of the smaller particles to the larger 
ones and by calculating changes in the viscosity of the binder the subsequent secondary 
agglomeration of these granules can also be shown using this model. 
The model is limited due to assumptions in deriving it.  The model excludes capillary forces 
that if given sufficient time to form could have the same order of magnitude strength as 
other forces. 
  
Abstract  University of Surrey 
James Holman   Page 4 of 228 
 
Acknowledgements 
I would like to give special thanks to: 
Dr Frank Roche, GSK (Project Sponsor). 
Dr Jamie Cleaver, University of Surrey. 
Prof Rex Thorpe, University of Surrey. 
Dr Dave Seaward, 3 P Innovation. 
Mr Trevor Page, GEA Pharma systems. 
Mrs Dee Dee Holman. 
Mr and Mrs. W Holman 
 
For all the other countless people that have helped me along this long journey: 
“I can no other answer make, but, thanks, and thanks” William Shakespeare. 
 
Contents 
James Holman   Page 5 of 228 
Contents 
1. Introduction .................................................................................................................... 25 
1.1. Background to project .............................................................................................. 25 
1.2. Objectives of study .................................................................................................. 26 
2. Literature review ............................................................................................................ 27 
2.1. Outline ..................................................................................................................... 27 
2.2. The fundamentals ..................................................................................................... 28 
2.2.1. Introduction ...................................................................................................... 28 
2.3. Particle adhesion and granule strength .................................................................... 28 
2.3.1.1. Adhesion and cohesion forces in non freely movable binders (I) ............. 29 
2.3.1.2. Interfacial forces/capillary pressure at freely movable liquid surfaces (II)30 
2.3.1.3. Solid bridges (III) ...................................................................................... 32 
2.3.1.4. Attraction forces between solid particles(IV) ............................................ 33 
2.3.1.5. Interlocking bonds (V) .............................................................................. 35 
2.3.1.6. Average tensile strength of granules ......................................................... 35 
2.3.2. Summary .......................................................................................................... 36 
2.4. Mechanisms of wet granulation ............................................................................... 37 
2.4.1. Introduction to section ..................................................................................... 37 
2.4.2. Wetting and nucleation .................................................................................... 37 
2.4.3. Modelling of nucleation in wet granulation ..................................................... 41 
2.4.4. Coalescence and growth .................................................................................. 42 
2.4.5. Consolidation ................................................................................................... 53 
2.4.6. Breakage and attrition ...................................................................................... 55 
2.4.7. Summary .......................................................................................................... 55 
2.5. Stokes evaluation of granule collisions ................................................................... 57 
2.5.1. Introduction ...................................................................................................... 57 
2.5.2. Model outline ................................................................................................... 57 
Contents  University of Surrey 
James Holman   Page 6 of 228 
2.5.3. Assumptions in model...................................................................................... 58 
2.5.4. Determination of collision velocity (u1) .......................................................... 59 
2.5.5. Determination of rebound velocity (u2) ........................................................... 60 
2.5.6. Determination of permanent plastic deformation ............................................ 61 
2.5.7. Determination of the type II / rebound boundary velocity (u3) ....................... 62 
2.5.8. Plotting boundary map using Stokes number model [Liu et al, 2000] ............ 63 
2.5.9. Sensitivity of model to dimensionless ratios ................................................... 64 
2.5.9.1. Ratio of particle diameters (d1 to d2) ......................................................... 64 
2.5.9.2. Ratio of boundary layer thickness to surface asperities ............................ 65 
2.5.9.3. Ratio of yield stress to granule Youngs’ Modulus (Yd/E
*
) ....................... 66 
2.6. Capillary forces ........................................................................................................ 67 
2.6.1. Why are capillary forces neglected in this model? .......................................... 67 
2.6.2. Model force balance ......................................................................................... 67 
2.6.2.1. Force balance on particle ........................................................................... 67 
2.6.2.2. Viscous forces ........................................................................................... 68 
2.6.2.3. Capillary forces.......................................................................................... 68 
2.6.2.4. Comparison of viscous and capillary forces .............................................. 69 
2.7. Engineering technology ........................................................................................... 70 
2.7.1. Introduction ...................................................................................................... 70 
2.7.2. Granulation processes ...................................................................................... 70 
2.7.2.1. Introduction ............................................................................................... 70 
2.7.2.2. Tumbling granulators ................................................................................ 71 
2.7.2.3. Mixer agglomeration ................................................................................. 72 
2.7.2.4. Fluidised granulators ................................................................................. 75 
2.7.2.5. Centrifugal granulators .............................................................................. 77 
2.7.2.6. Spray methods ........................................................................................... 77 
2.7.2.7. Pressure compaction .................................................................................. 78 
2.7.2.8. Thermal processes ..................................................................................... 80 
Contents  University of Surrey 
James Holman   Page 7 of 228 
2.7.2.9. Liquid systems ........................................................................................... 81 
2.8. Batch vs. continuous and the regulatory approach .................................................. 82 
2.8.1. Batch vs. continuous ........................................................................................ 82 
2.8.2. The regulatory hurdle ....................................................................................... 83 
2.8.3. Business markers ............................................................................................. 85 
2.9. Twin screw extruders ............................................................................................... 86 
2.9.1. Introduction ...................................................................................................... 86 
2.9.2. Twin Screw Granulation (TSG) processes ...................................................... 86 
2.9.3. Current Research .............................................................................................. 87 
2.10. Summary .................................................................................................................. 91 
3. Experimental work ......................................................................................................... 92 
3.1. Introduction .............................................................................................................. 92 
3.2. Placebo granulation studies ..................................................................................... 92 
3.2.1. Outline.............................................................................................................. 92 
3.2.2. Materials .......................................................................................................... 93 
3.2.3. Equipment ........................................................................................................ 93 
3.2.4. Trial set up ....................................................................................................... 95 
3.2.5. Lactose results .................................................................................................. 97 
3.2.6. Analysis on results ......................................................................................... 100 
3.2.6.1. Increasing water content .......................................................................... 100 
3.2.6.2. Effect of fluid bed vs. tray dried samples. ............................................... 101 
3.2.6.3. Effect of PVP concentrations on granulation performance and final 
product quality ......................................................................................................... 102 
3.2.7. SEM imaging analysis ................................................................................... 104 
3.2.7.1. Outline ..................................................................................................... 104 
3.2.7.2. Method ..................................................................................................... 104 
3.2.8. Input dry blend components........................................................................... 104 
3.2.8.1. Lactose ..................................................................................................... 104 
Contents  University of Surrey 
James Holman   Page 8 of 228 
3.2.8.2. Polyvynalpyrolidine (PVP) ..................................................................... 106 
3.2.8.3. Avicel PH101 .......................................................................................... 107 
3.2.9. Granules from process ................................................................................... 108 
3.2.9.1. Dried granule treatment ........................................................................... 108 
3.2.9.2. Particles below 90 µm ............................................................................. 108 
3.2.9.3. Particles between 90 and 250 µm ............................................................ 109 
3.2.10. Discussion .................................................................................................. 111 
3.3. Assessment of the physical properties for API 1 ................................................... 112 
3.3.1. Outline............................................................................................................ 112 
3.3.2. Raw materials input ....................................................................................... 112 
3.3.3. Trial equipment and set up ............................................................................. 112 
3.3.3.1. Granulation .............................................................................................. 113 
3.3.3.2. Fluid bed drying ...................................................................................... 114 
3.3.3.3. Post fluid bed processing ......................................................................... 115 
3.3.4. Trials conducted ............................................................................................. 115 
3.3.5. Wet granulation only studies ......................................................................... 116 
3.3.5.1. Experimental design ................................................................................ 116 
3.3.5.2. Process response ...................................................................................... 117 
3.3.5.3. Granule physical properties ..................................................................... 119 
3.3.5.4. Dry powder mix ....................................................................................... 119 
3.3.5.5. Wet granule DoE sample ......................................................................... 120 
3.3.5.6. SEM image analysis ................................................................................ 124 
3.3.6. Continuous wet granulation and fluid bed drying studies ............................. 127 
3.3.6.1. Outline of studies ..................................................................................... 127 
3.3.6.2. Centre-line process conditions................................................................. 127 
3.3.7. Summary ........................................................................................................ 134 
3.4. API 2 studies .......................................................................................................... 135 
3.4.1. Introduction .................................................................................................... 135 
Contents  University of Surrey 
James Holman   Page 9 of 228 
3.4.2. Outline of studies ........................................................................................... 135 
3.4.3. CPP’s and CQA’s .......................................................................................... 135 
3.4.4. Input materials ................................................. Error! Bookmark not defined. 
3.4.5. Experimental design....................................................................................... 136 
3.4.6. API 2 experimental results ............................................................................. 138 
3.4.7. Analysis of results from DoE ......................................................................... 141 
3.4.7.1. Overall assessment and process performance ......................................... 141 
3.4.7.2. Statistical analysis ................................................................................... 143 
4. PEPT data analysis ....................................................................................................... 147 
4.1. Introduction ............................................................................................................ 147 
4.2. Outline of trials ...................................................................................................... 147 
4.2.1. TSG PEPT trials description .......................................................................... 147 
4.2.2. Material blends used during the trials ............................................................ 148 
4.2.3. Lactose blend studies ..................................................................................... 148 
4.2.4. API 1 blend studies ........................................................................................ 149 
4.3. Results of PEPT testing ......................................................................................... 149 
4.3.1. Data generated ............................................................................................... 149 
4.3.2. Analysis of data.............................................................................................. 154 
4.3.2.1. Position with respect to barrel component .............................................. 155 
4.3.2.2. Back mixing ............................................................................................. 156 
4.3.3. Results of lactose PEPT Studies .................................................................... 157 
4.3.3.1. Overall run data ....................................................................................... 158 
4.3.3.2. Quantitative assessment of particle motion ............................................. 163 
4.3.4. Effect of process conditions on PEPT runs.................................................... 164 
4.3.4.1. Effect of barrel speed ............................................................................... 164 
4.3.4.2. Effect of liquid content ............................................................................ 166 
4.3.4.3. Results of API 1 PEPT studies ................................................................ 167 
5. Discussion .................................................................................................................... 170 
Contents  University of Surrey 
James Holman   Page 10 of 228 
5.1. Outline ................................................................................................................... 170 
5.2. Theoretical application .......................................................................................... 170 
5.2.1. Mechanisms of particle adhesion ................................................................... 170 
5.2.2. Wet granulation through the TSG .................................................................. 171 
5.2.2.1. Particle motion ......................................................................................... 171 
5.2.2.2. Granulation map ...................................................................................... 172 
5.2.2.3. Stage 1 – dry powder transport. ............................................................... 173 
5.2.2.4. Stage 2 – liquid addition .......................................................................... 174 
5.2.2.5. Stage 3 – first high shear mixing and granulation stage .......................... 175 
5.2.2.6. Stage 4 – transportation and relaxation. .................................................. 176 
5.2.2.7. Second stage high shear kneading zone .................................................. 177 
5.2.2.8. Second stage transport zone .................................................................... 178 
5.2.2.9. Final breakage zone ................................................................................. 178 
5.2.2.10. PSD development through the granulation. ............................................. 179 
5.3. Further considerations on continuous .................................................................... 180 
5.3.1. PSD development through the process .......................................................... 180 
5.3.2. Other questions raised regarding the TSG use ............................................... 182 
5.3.3. Operational limitations and advantages of using TSG .................................. 183 
5.3.3.1. Wet granulation ....................................................................................... 183 
5.3.3.2. Powder mixing in the TSG ...................................................................... 184 
5.3.3.3. Fill levels within zones and effect on granule quality ............................. 185 
5.3.3.4. Dry milling: process smoothing effect .................................................... 186 
5.3.3.5. Granule structure ..................................................................................... 187 
5.4. Using Stokes numbers to model collisions ............................................................ 189 
5.4.1. Is the model applicable?................................................................................. 189 
5.4.2. What does the model show with regard to the experimental result ............... 189 
5.4.3. Effect of binder viscosity on collisions. ......................................................... 191 
6. Conclusions .................................................................................................................. 193 
Contents  University of Surrey 
James Holman   Page 11 of 228 
6.1. Summary of current literature ................................................................................ 193 
6.2. Summary of experimental work ............................................................................ 194 
6.3. Summary of findings ............................................................................................. 195 
6.4. Recommended future studies for the TSG ............................................................. 197 
6.4.1. Theoretical modelling .................................................................................... 197 
6.4.2. Experimental studies ...................................................................................... 197 
Appendix 3.1 – Pump curves for Lactose studies ................................................................ 203 
Appendix 3.2 – API 1 wet granulation DoE raw data ......................................................... 204 
Appendix 3.3 – Experimental analysis methods .................................................................. 207 
Appendix 3.4 – Centre line results of granule testing ....................................................... 211 
Appendix 3.5 – Identified CPP’s for API 2 studies ............................................................. 219 
Appendix 4.1 – RTD data from PEPT runs using Lactose .................................................. 221 
Appendix 4.2 – Back-mixing PEPT data from Lactose runs ............................................... 224 
Appendix 4.3 – PEPT RTD data for studies using API 1 .................................................... 227 
Appendix 4.4 – PEPT back mixing data for studies using API 1 ........................................ 228 
 
  
Contents  University of Surrey 
James Holman   Page 12 of 228 
Table of Figures 
Figure 2.1 - Representation of adhesion of a stationary spherical particle on a flat wall [after Pietsch, 
1991]. .................................................................................................................................................. 28 
Figure 2.2 - Pendular, funicular and capillary liquid bridges in agglomerates ................................... 30 
Figure 2.3 – Illustration of a pendular bridge between two equal sized spherical particles ............... 30 
Figure 2.4 - Schematic of van der Waals attractions for separation of unequal spheres .................... 34 
Figure 2.5 - The rate processes of agglomeration, or granulation, which includes powder wetting, 
granule growth, granule consolidation and granule attrition.  These processes combine to control 
granule size and porosity, and they may be influenced by formulation or process-design changes.  
After Perry and Green [1997] ............................................................................................................. 37 
Figure 2.6 - Schematic of a droplet spreading on a surface ................................................................ 38 
Figure 2.7 - Granulation model - a magnified view of the granule surface after Sherrington and 
Oliver, [1981] ..................................................................................................................................... 40 
Figure 2.8 - Schematic representation of the spray zone when adding binder liquid to a moving 
powder bed with a flat spray nozzle after Wildeboer et al., 2005 ....................................................... 41 
Figure 2.9 - Nucleation regime map after Hapgood et al., 2003......................................................... 42 
Figure 2.10 - Granule growth mechanisms: a) agglomerate formation by nucleation of particles; b) 
agglomerate growth by coalescence; c) layering of a binder coated granule; d) layering of a partially 
filled binder droplet.  After Tardos et al., [1997] ................................................................................ 44 
Figure 2.11 - Coalescence of two binder covered particles after Tardos et al., 1997 ......................... 44 
Figure 2.12 - Schematic diagram of the model used to predict coalescence of surface wet, deformable 
granules. (a) Approach stage. (b) Deformation stage. (c) Initial separation stage.  (d) Final separation 
stage. [Liu et al, 2000]. ....................................................................................................................... 45 
Figure 2.13 - Schematic representation of equilibrium stokes numbers vs. critical granule size: (A) 
coalescence limit above deformation limit; (B) deformation limit above coalescence limit after 
[Tardos et al., 1997.] ........................................................................................................................... 48 
Figure 2.14 - Stvis vs. Stdef showing regimes of rebound and coalescence for surface wet deformable 
granules from Iveson et al., 2001c ...................................................................................................... 50 
Figure 2.15 - Illustration of steady growth and induction growth behaviour and the controlling effect 
of granule deformability after Iveson and Litster, 1998 ..................................................................... 50 
Figure 2.16 - Granule growth regime map proposed by [Iveson et al., 2001a] with Stdef replacing the 
deformation number De ...................................................................................................................... 51 
Figure 2.17 - Boundary map for Stokes number Model of granule collision [Liu et al, 2000] .......... 63 
Contents  University of Surrey 
James Holman   Page 13 of 228 
Figure 2.18 - Effect of changing d1/d2 ratio on Stokes map................................................................ 64 
Figure 2.19 - Effect of varying ho/ha on Boundaries on Stokes map .................................................. 65 
Figure 2.20 – Effect of changes in the ratio of the unconfined yield stress and the Youngs’ Modulus 
of the granule on the Stokes map. ....................................................................................................... 66 
Figure 2.21 - Capillary verses viscous force components in liquid bridge between two particles ..... 69 
Figure 2.22 - The Schugi Flexomix (r) vertical high shear continuous granulator 
http://www.hosokawa.co.uk/flexomix.php ......................................................................................... 73 
Figure 2.23 - High speed mixer/granulator after Aulton, [2001] ........................................................ 74 
Figure 2.24 - Schematic of a batch fluidised bed granulator after Aulton, [2001] ............................. 75 
Figure 2.25 - Fluidised bed granulator after Boerefijin and Hounslow, [2005] ................................. 76 
Figure 2.26 - Freund Granulator after Aulton, 2001 ........................................................................... 77 
Figure 2.27 - Representation of production extruders after Aulton, [2001] ....................................... 79 
Figure 2.28 - Roller compaction: (a) Alexanderwerk and (b) Hutt types after Aulton, 2001 ............. 80 
Figure 2.29 - Example for ICH Q8 of the illustration of design spaces for product manufacture 
gained through developmental understanding [after ICH Q8 (R2), Step 4 version Aug 2010] .......... 84 
Figure 2.30 - Schematic of the barrels inside a TSG that is used for wet granulation of 
pharmaceutical materials .................................................................................................................... 87 
Figure 3.1 - PFD of test set up for initial lactose testing .................................................................... 93 
Figure 3.2 - Image of example TSG barrels used during experimental work. .................................... 95 
Figure 3.3 - Power consumption vs. water addition rate for a fixed PVP concentration .................. 100 
Figure 3.4 - PSD results from fluid bed dried samples for fixed PVP content granules at increasing 
water addition rates ........................................................................................................................... 101 
Figure 3.5 - Comparison of fluid bed dried samples to tray dried samples ...................................... 102 
Figure 3.6- Granulation power compared to PVP concentration ...................................................... 103 
Figure 3.7- SEM image 1 of Lactose used during the trials (magnification scale of 600 µm) ......... 104 
Figure 3.8 – SEM Image 3 of Lactose used during the trials (magnification scale of 600 µm) ....... 105 
Figure 3.9– SEM Image 3 of Lactose used during the trials (magnification scale of 200 µm) ........ 105 
Figure 3.10 – SEM Image 1 of PVP used during trials (magnification scale of 300 µm) ................ 106 
Figure 3.11 – SEM Image of PVP used during the trials (magnification scale 100 µm) ................. 106 
Figure 3.12- SEM image 1 of Avicel used during the trials (magnification scale of 600 µm) ......... 107 
Figure 3.13 - SEM image 2 of Avicel used during the trials (magnification scale 200 µm) ............ 107 
Contents  University of Surrey 
James Holman   Page 14 of 228 
Figure 3.14 - SEM image of granules produced during trials (magnification scale 1mm) ............... 108 
Figure 3.15- SEM Image 2 of granules produced during trials (magnification scale 200 µm) ........ 108 
Figure 3.16 - SEM images of granules produced during trials (magnification scale 90 µm) ........... 109 
Figure 3.17 - SEM Image 6 of granules produced during the trials (magnification scale 600 µm) . 109 
Figure 3.18 - SEM Image 6 of granules produced during the trials (magnification scale 200 µm) . 110 
Figure 3.19 - SEM Image 6 of granules produced during the trials (magnification scale 200 µm) . 110 
Figure 3.20- Process Flow Diagram for API 1 experimental Studies ............................................... 112 
Figure 3.21 - Barrel configuration for wet granulation studies using API 1 .................................... 113 
Figure 3.22 – Simple schematic of GEA multi segment fluid bed dryer .......................................... 114 
Figure 3.23 - typical temperature profile during the fluid bed drying process ................................. 115 
Figure 3.24 – Example DoE design space for 23 design [after Wikipedia] ...................................... 116 
Figure 3.25 - Average data for wet granulation DoE points for controllable variables .................... 117 
Figure 3.26 - Average wet granulation DoE process response variables .......................................... 118 
Figure 3.27- Cumulative PSD's for granules produced during wet granulation DoE ....................... 120 
Figure 3.28 – Response of power consumption to increasing moisture content of granulation mass.
 .......................................................................................................................................................... 122 
Figure 3.29 – Percentage change in process responses compared to percentage change in process 
input .................................................................................................................................................. 123 
Figure 3.30 - SEM image of dry powder blend containing API 1.  The circled particles are particles 
of PVP as confirmed by separate SEM testing (magnification scale of 600 µm) ............................. 124 
Figure 3.31 - SEM image of dry powder blend containing API 1.  The circled rod shaped particle is a 
particle of HMPC (Avicel) as confirmed by separate SEM testing (magnification scale of 200 µm)
 .......................................................................................................................................................... 125 
Figure 3.32 - SEM image of granule produced during API 1 DoE condition #3 – d50 of 350 µm ... 125 
Figure 3.33 - SEM image of granule produced during API 1 DoE condition #9 - d50 of 620 µm .... 126 
Figure 3.34 - SEM image of granule produced during API 1 DoE condition #8 - d50 of 960 µm .... 126 
Figure 3.35 - Centreline process conditions based upon dry mix number and conditions ............... 130 
Figure 3.36 - Results of d50 testing for centre line process running for un-milled and milled samples.
 .......................................................................................................................................................... 130 
Figure 3.37 - Distribution of d50 calculations on un-milled samples gathered during API 1 trials ... 132 
Figure 3.38 - Distribution of d50 calculations on milled samples gathered during API 1 trials ........ 132 
Contents  University of Surrey 
James Holman   Page 15 of 228 
Figure 3.39 - Comparative plots of the distribution for un-milled and milled d50 measurements taken 
during API 1 studies ......................................................................................................................... 133 
Figure 3.40 - (left) un-milled granule and 3.41 - (right) milled granules from centreline run. ........ 133 
Figure 3.42 - representation of full 'powder in - tablets out' system used during API 2 testing ....... 135 
Figure 3.43 - Centre line, full factorial and CCF DoE design illustrations for a three factor, 2 level 
design ................................................................................................................................................ 137 
Figure 3.44 – Achieved granulation and drying set points for DoE using API 2. ............................ 141 
Figure 3.45 - Achieved compression DoE points for API 2 studies ................................................. 142 
Figure 3.46 - Response to DoE runs for API 2 on the physical properties of the granules .............. 142 
Figure 3.47 - Tablet physical responses to DoE runs for API 2 ....................................................... 143 
Figure 3.48 - Half normal plot of the t-values for the interactions of LAR, granulation speed and 
drying time on the d50 during API 2 studies...................................................................................... 144 
Figure 3.49 - Pareto plot of interactions for d50 from API 2 studies ................................................. 144 
Figure 3.50 - Half normal plot for interactions influencing the disintegration time results from API 2 
studies ............................................................................................................................................... 145 
Figure 3.51 - Pareto chart plot for interactions influencing the disintegration time results from API 2 
studies ............................................................................................................................................... 146 
Figure 3.52 - Pareto plot of tablet hardness from API 2 studies ....................................................... 146 
Figure 4.1 - Schematic of TSG used for PEPT analysis of particle motion within TSG .................. 147 
Figure 4.2 - Axis definition during PEPT analysis ........................................................................... 150 
Figure 4.3 - Example plot of PEPT motion within TSG during studies conducted with Lactose .... 150 
Figure 4.4 - Plot of the x-axis location of a tracer particle vs. time.  Solid line shows a particle that 
breaks during testing whilst the dotted line shows a successful pass. .............................................. 151 
Figure 4.5 - x-coordinates of a PEPT particle plotted vs. time for a single pass during TSG testing152 
Figure 4.6 - z co-ordinates of a PEPT particle plotted vs. time for a single pass during TSG testing
 .......................................................................................................................................................... 152 
Figure 4.7 – y co-ordinates of PEPT particle plotted vs. time for a single pass during TSG testing 153 
Figure 4.8 - z motion of the particle vs. x motion of the particle.  Data taken from a single run of 
PEPT analysis during condition 1 trials on Lactose. ........................................................................ 153 
Figure 4.9 - y motion of the particle vs. x motion of the particle.  Data taken from a single run of 
PEPT analysis during condition 1 trials on Lactose. ........................................................................ 154 
Contents  University of Surrey 
James Holman   Page 16 of 228 
Figure 4.10 - y motion of the particle vs. z motion of the particle.  Data taken from a single run of 
PEPT analysis during condition 1 trials on Lactose. ........................................................................ 154 
Figure 4.11 - Path of motion for particle in TSG for use in PEPT analysis ..................................... 155 
Figure 4.12- Schematic of kneader block section within TSG ......................................................... 156 
Figure 4.13 - Simplification of particle path in x direction .............................................................. 157 
Figure 4.14 - x axis movement vs. time for condition 1 from Lactose studies ................................. 158 
Figure 4.15 – X motion data vs. z motion data for lactose PEPT studies at condition 1 .................. 159 
Figure 4.16 - Comparison of PEPT data using Lactose for runs conducted at 22 g/min liquid addition 
rate under the same process conditions apart from changes in granulator barrel speed. .................. 160 
Figure 4.17 - Comparison of PEPT data using Lactose for runs conducted at 35 g/min liquid addition 
rate under the same process conditions apart from changes in the granulation speed ...................... 161 
Figure 4.18 - Comparison of PEPT data using Lactose for runs conducted at 22 g/min liquid addition 
rate using the alternative liquid addition port at two different granulation speeds ........................... 162 
Figure 4.19 - Average RTD for selected conditions to show effect of barrel speed on particle motion
 .......................................................................................................................................................... 164 
Figure 4.20 - Example PEPT plots for conditions 1, 2 and 3 using Lactose showing the different 
barrel speeds and the effect this has on particle motion through the TSG ........................................ 165 
Figure 4.21 - Example PEPT plots for conditions 6, 7 and 8 using Lactose showing the different 
barrel speeds and the effect this has on particle motion through the TSG ........................................ 165 
Figure 4.22 – RTD times vs. barrel speed for the different moisture contents. ................................ 166 
Figure 4.23 - X axis position vs. time plots for API 1 studies under both conditions ...................... 167 
Figure 5.1 - Simple mechanism map for the TSG as the particle travels along the barrel.  The process 
runs as follows from left to right:  A)  Dry powder mixing in zone 1, B) over and under wetting of 
powder in zone 2 depending upon the barrel position, C) Breaking of saturated agglomerated and 
mixing with remaining dry powders in zone 3 to create primary granules, D) low shear forces exerted 
in zone 4 gives liquid limited time to pull particles together due to capillary forces, E) secondary 
agglomeration of primary granules in zone 5, F) breakage of oversized clusters in zone 7. ............ 172 
Figure 5.2 - Different mechanisms for wet granulation in the TSG depending at the liquid addition 
stage. ................................................................................................................................................. 174 
Figure 5.3 - Example of PEPT particle hold up in kneading zone .................................................... 176 
Figure 5.4 - Hypothisised plot of the mean particle size development through the TSG ................. 179 
Figure 5.5 - Cumulative mass fractions for TSG made granules as they pass through the process train
 .......................................................................................................................................................... 180 
Contents  University of Surrey 
James Holman   Page 17 of 228 
Figure 5.6 - Raw particle size distributions of the different stages of the process ........................... 181 
Figure 5.7 - Image of alternative TSG barrel designs, i.e. dry mixing pins ...................................... 185 
Figure 5.8 - plot of torque vs. time for an example of fill volume reaching and exceeding 100% 
causing sudden jump into extrusion operation.................................................................................. 185 
Figure 5.9 - Average PSD plots from the low torque and high torque production periods in figure 5.7
 .......................................................................................................................................................... 186 
Figure 5.10 - Batch vs. continuous granule PSD for API 1 samples selected .................................. 187 
Figure 5.11 (left) and figure 5.12 (right) showing SEM images of API 1 granules from a 
conventional high shear batch process at 200 µm and 100 µm resolution respectively ................... 188 
Figure 5.13 (left) and figure 5.14 (right) showing SEM images of API 1 granules from the 
continuous process at 200 µm and 100 µm resolution respectively ................................................. 188 
Figure 5.15 - Model prediction of collision in API 1 experimental studies ...................................... 190 
Figure 5.16 - Changes in binder layer viscosity and its effect on large particle (d1/d2 = 1) collisions
 .......................................................................................................................................................... 192 
 
  
Contents  University of Surrey 
James Holman   Page 18 of 228 
Table of Tables 
Table 2.1 - Binding mechanisms in agglomeration [after Rumpf 1962]. .............................. 29 
Table 2.2 - Coefficients b and c from equation 2.9 after Bika et al., [2005] ......................... 33 
Table 2.3 - Summary of coalescence models available in the literature after Iveson et al., 
2001a ...................................................................................................................................... 43 
Table 2.4 - Dimensionless ratios for use in Stokes number model ........................................ 63 
Table 2.5 - enlargement methods and application after Perry and Green [1997] .................. 70 
Table 2.6 - Advantage and disadvantages of fluid bed systems ............................................ 75 
Table 2.7 - Effect of control parameters of granule properties .............................................. 76 
Table 2.8 - Types of Twin Screw devices available .............................................................. 86 
Table 3.1 - Raw materials used during initial TSG testing .................................................... 93 
Table 3.2 - Screw configuration key ...................................................................................... 94 
Table 3.3 - Trial runs conducted during initial testing........................................................... 96 
Table 3.4 - Process performance during trials ....................................................................... 97 
Table 3.5 - Moisture content results from Lactose study samples ......................................... 97 
Table 3.6 - PSD results from Lactose studies ........................................................................ 98 
Table 3.7 - Dried granule visual assessment .......................................................................... 99 
Table 3.8 - Raw materials used during API 1 experimental studies .................................... 112 
Table 3.9 – List of 2 level full factorial DoE runs for wet granulation Study ..................... 117 
Table 3.10 - Measured PSD of dry powder mix samples .................................................... 119 
Table 3.11 - Averaged results for wet granulation DoE ...................................................... 121 
Table 3.12 - Particle Size distribution data for DoE conditions based on averaged run results
.............................................................................................................................................. 121 
Table 3.13 – The conditions from DoE on wet granules selected for SEM testing ............. 124 
Table 3.14 - Results of centre line run for the commercial granulation system using the TSG
.............................................................................................................................................. 128 
Table 3.15 - Physical properties of un-milled granules produced during centre line run on the 
commercial scale TSG process ............................................................................................ 129 
Contents  University of Surrey 
James Holman   Page 19 of 228 
Table 3.16 - Physical properties of milled granules produced during the centre line runs on 
the commercial scale TSG process ...................................................................................... 129 
Table 3.17 - CPP's selected for DoE during API 2 studies .................................................. 136 
Table 3.18 - composition of blend used for API 2 studies................................................... 136 
Table 3.19 - API 2 DoE part one - full factorial DoE runs .................................................. 137 
Table 3.20 - API 2 DoE part 2 - central composite face design points ................................ 138 
Table 3.21 - Granulation and drying responses from API 2 DoE study .............................. 138 
Table 3.22 - Compression responses and measurements from API 2 DoE runs ................. 139 
Table 3.23 - PSD results for API 2 studies .......................................................................... 140 
Table 4.1 - Details of PEPT studies using Lactose dry powder blend ................................. 149 
Table 4.2 - Details of PEPT studies using API 1 dry powder blend .................................... 149 
Table 4.3 - Start and end x co-ordinates for the different barrel sections within the TSG .. 155 
Table 4.4 - A01-1 x-motion data.......................................................................................... 157 
Table 4.5 - Average RTD’s in each barrel section for studies using Lactose ...................... 163 
Table 4.6 - Averaged back mixing ratios for PEPT runs using Lactose .............................. 163 
Table 4.7 - X-axis velocities (mm/s) for PEPT studies using Lactose ................................ 163 
Table 4.8 - conditions from PEPT studies for speed change analysis ................................. 164 
Table 4.9 - Average RTD’s in each barrel section for studies using API 1 ......................... 167 
Table 4.10 - Averaged back mixing ratios for PEPT runs using API 1 ............................... 167 
Table 5.1 - Example variances in a granulation mixture gathered from gravimetric feeder 
trials...................................................................................................................................... 184 
 
Nomenclature and Glossary 
James Holman   Page 20 of 228 
Nomenclature 
Symbol Description Units 
A Hamaker constant J 
ad Contact area of deformation m
2 
  
  Maximum contact area due to deformation  m2 
Bi Binding force N 
b Equation coefficient (eqn. 2.9 and 2.10) - 
c Equation coefficient (eqn. 2.9 and 2.10) - 
Ca Capillary number - 
Co 
Laplace-Young pressure difference due to curvature of the free 
surface on the liquid 
Pa 
Cr Coefficient of restitution - 
Cs Solids concentration in binder solution g/ml 
d Diameter of particle or granule m 
  
  Maximum diameter of deformed area m 
   
   
 Critical granule size for deformation m 
   
    Critical granule size for coalescence m 
d10 
The diameter at which 10% of the granules are under the size, and 
90% are over the predicted size 
m 
d32 Sauter mean diameter of the granule m 
d50 
The diameter at which 50% of the granules are under the size, and 
50% are over the predicted size 
m 
d90 
The diameter at which 90% of the granules are under the size, and 
10% are over the predicted size 
m 
db Bubble diameter m 
dd Droplet diameter m 
ddisk Diameter of the disk m 
 ̃ Harmonic mean granule diameter m 
 ⏞ Mean granule diameter from equation 2.44 m 
e Coefficient of restitution - 
E* Maximum stored energy J 
Ee Stored elastic energy J 
F Force N 
Fad Mean bonding force at point of contact N 
FB Binding force N 
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Symbol Description Units 
Fcap Force contribution due to capillary effects N 
Felec Force due to electrostatics N 
FL Force induced by liquid bridge N 
Flvis Force due to liquid viscous forces N 
Fpend Cohesive force due to pendular bridge N 
Fsb Intrinsic Strength of solid bridge N m
-2 
fsingle Fraction of drops that did not overlap - 
Ftot Total force of the capillary and viscous forces in liquid layer N 
Fvdw Force due to van der Waals inter-particle forces N 
Fvis Force contribution due to viscous effects N 
G Adhesive surface energy of inter particle bonds J 
g Acceleration due to gravity m2 s-1 
h Height or thickness m 
hr 
Half distance between two surfaces at radial distance r from the 
axis of symmetry 
m 
ha Characteristic height of surface asperities m 
had Thickness of adsorbed layer m 
hc Height of rise due to capillary action m 
ho Initial separation distance between particles m 
htb Thickness of binder layer m 
   
  Dimensionless separation gap of the particles - 
k’ Shape dependant constant - 
Kc Fracture toughness  
Kε Dimensionless granule compaction rate - 
m Mass kg 
mp Mass of particle kg 
msb Mass of solid bridge kg 
 ̃ Harmonic mean granule mass kg 
n Number of items (atoms, droplets etc) - 
Nc Critical speed of disk granulator rpm 
nv Number of atoms per unit volume  
 ̇  Number of spray drops produced by the spray nozzle per unit time  
O Dynamic correction factor compared to static system - 
Pc Mean contact pressure Pa 
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Symbol Description Units 
Q Volumetric flow rate of liquid m3 hr-1 
r Radius m 
rcp Capillary radius m 
rsb Radius at the neck of the solid bridge m 
  ̃ Hydraulic mean pore radius m 
Sv Volumetric ratio of liquid to solid - 
Sm Mass ratio of liquid to solid - 
Smax Maximum granule pore saturation - 
Stdef Stokes number of deformation - 
Stvis Viscous stokes number - 
     
  Critical stokes number of deformation - 
     
  Critical viscous Stokes number for coalescence  - 
     
   
Viscous stokes number for the boundary between type 1 and type 
11 coalescence 
- 
t Time s 
tct Time for compaction s 
Ta Adhesion tendency  
u Velocity of particle m s-1 
uB Bubble velocity m s
-1 
uc Collision velocity m s
-1 
ut Velocity at time t m s
-1 
upb Velocity of powder bed perpendicular to width of spray m s
-1 
Vb Liquid bridge volume m
3 
Vp Volume of particle / granule m
3 
WA Work per unit area of interface for adhesion J m
-2 
WCL Work per unit area of interface for cohesion for a liquid J m
-2 
WCS Work per unit area of interface for cohesion for a solid J m
-2 
x Separation distance m 
xr Granule radius m 
xsz Width of spray zone m 
xw Depth of withdrawal from a surface m 
Yd Unconfined yield stress of granule Pa 
β 
Angle subtended between particle-particle contact point and 
meniscus particle contact point 
o 
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Symbol Description Units 
γ Interfacial Surface tension N m-1 
γb Interfacial surface tension of the Binder N m
-1 
γLV Interfacial energy between liquid and vapour J m
-2 
γSL Interfacial energy between solid and liquid J m
-2 
γSV Interfacial energy between solid and vapour J m
-2 
δ Extent of granule deformation  
δ* Maximum extent of granule deformation  
δ’ Extent of elastic recovery  
δ” Permanent plastic deformation  
δbs Dimensionless bubble spacing - 
ε Porosity of granule - 
εm Strain - 
εmin Minimum porosity the formulation reaches under the conditions - 
εo Permittivity of space F m
-1 
εp Permittivity F m
-1 
εR Relative permittivity of the medium - 
εv Volume ratio of voids to solid in the packed sand grains - 
η 
Ratio of the average sand grain diameter to the average granule 
diameter 
- 
θc Contact angle 
o 
θD Angle of inclination of disk 
o 
θf Filling angle 
o 
θpm 
Angle subtended between the particle-particle contact point and 
the meniscus particle contact point 
 
θml 
Angle between particle surface and meniscus of the liquid particle 
surface 
o 
λ Van der Waals constant for attraction - 
ν Poisson’s ratio - 
ρ Density  kg m-3 
ρl Density of liquid with respect to air density - 
ρp Density of particle with respect to air density - 
ρsb Density of solid bridge kg m
-3 
σcoh Cohesion of the liquid forming the adsorbed layer  
σcr Granule crushing stress Pa 
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Symbol Description Units 
τ Tensile strength Pa 
τcap Tensile stress due to capillary forces Pa 
τsb Tensile stress due to solid bridge Pa 
τb Tensile stress of bridging material Pa 
τy Yield stress Pa 
ϕ Charge density on particle surface C m-2 
ψa Dimensionless spray flux from eqn.  2.23 and 2.24 - 
ψb Degree of filling from eqn.  2.23 and 2.24 - 
 ( ̇) Characteristic stress on the granule (such as yield stress) Pa 
 ̇ Average shear rate s-1 
  Dynamic viscosity Pa s 
   Viscosity of binder Pa s 
   Surface viscosity Pa s 
 
Abbreviations 
RTD Residence time distribution 
TSG Twin screw granulator 
PEPT Positron emission particle tracking 
QbD Quality by design 
DoE Design of experiments 
API Active pharmaceutical ingredient 
CPP Critical process parameter 
CQA Critical quality attribute 
PSD Particle size distribution 
LOD Loss on drying 
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1. Introduction 
1.1. Background to project 
Pharmaceutical production involves numerous steps to turn raw materials into the final drug 
that is sent to market for consumer use.  One of the critical steps in the production of solid 
oral dose product (such as tablets and capsules) is the wet granulation of the intermediate 
Active Pharmaceutical Ingredients (API’s) with other excipients to form granules that are 
used to produce the final tablets.  The reasons for granulation in the pharmaceutical 
industries are as follows [Aulton 2001, Rhodes 1998]: 
 Prevention of segregation 
 Improvement of flow properties  
 Decrease in storage volume (due to densification of materials) 
 Distribution of specific component within the larger powder mass.  This is especially 
important for low dose Active Pharmaceutical Ingredients within carrier agents 
Granulation describes the process where two or more particles combine to form larger semi-
permanent granules where the original particles are still clearly identifiable.  Wet 
granulation usually involves the addition of a binding solution to the process that is 
subsequently dried to form solid bridges holding the particles of the granule together. 
In pharmaceutical manufacture the majority of processing is still conducted in batch 
systems.  In other chemical industries continuous processing is employed.  However there 
has been significant research into using continuous processing for pharmaceutical 
manufacturing as well as what the potential benefits of using continuous operations vs. batch 
operations are [Plumb 2005, Mollan and Lodaya 2008, Leuenberger 2001].  Part of this 
move is the driver to reduce the ‘cost to market’ of the final product as well as recent moves 
by the regulatory body (FDA, MHRA) to increase the technical understanding of the 
processing during development and ensure product quality by design (QbD).  As a result the 
use of alternative technologies is being investigated and this study will assess one such 
technology.   
Twin Screw devices have been used for decades in the polymer industry in extrusion 
processes where high pressures and temperatures are used to generate the required product.  
In the case of pharmaceutical manufacture the same device will be used but, rather than 
using high pressures and temperatures, the twin screw granulator (TSG) will be used at high 
speed and low pressures to generate wet granules. 
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1.2. Objectives of study 
The objectives of this document are: 
 To review the literature and summarise the current understanding of particle-particle 
interactions as well as agglomeration and wet granulation.  The identified 
mechanisms and fundamentals will be assessed with respect to Twin Screw 
Granulation systems to identify which ones are considered most prominent. 
 To assess the drivers behind continuous processing from the view point of 
pharmaceutical manufacture. 
 To review models currently used to predict granulation within systems and to assess 
their use in predicting behaviour within a Twin Screw Granulation system.  The most 
suitable model will be selected and critically assessed for limitations. 
 To develop, implement and assess experimental investigations using the TSG.  The 
experiments will be designed using formal methods (such as Design of Experiments) 
and assessed to show the effects of key operating parameters on the granules 
produced by the TSG. 
 To use positron emission particle tracking (PEPT) data to reveal and assess the 
motion of particles through the TSG.  
 To combine the experimental findings and PEPT analysis to assess the fundamental 
mechanisms occurring within the TSG.  The data will also be fed into the identified 
granulation model to show if it can be used to predict granulation within the TSG. 
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2. Literature review 
2.1. Outline 
In this section the current literature will be reviewed to identify and assess the theoretical 
knowledge with respect to wet granulation and the use of twin screw extruder as a process 
for continuous wet granulation. 
The literature survey will cover fundamentals of particle-particle interactions through to 
current research that has been conducted on TSG’s.  The literature survey is divided into six 
sections: 
1) Fundamental particle interaction in wet granulation 
2) Current understanding of wet granulation processes with reviews of predictive 
mathematical models  
3) Critical review of advantages and limitations of the selected mathematical model 
4) Current engineering technology review 
5) Batch vs. continuous in the pharmaceutical industry 
6) Review of current twin screw granulation studies  
 
 
  
Literature review  University of Surrey 
James Holman   Page 28 of 228 
2.2. The fundamentals 
2.2.1. Introduction 
In this section the fundamental aspects that govern wet granulation are assessed.  Two main 
categories emerge from this review: 
Particle adhesion and granule strength:  The propensity of particles to attract one another 
and remain bonded due to a number of mechanisms is fundamental to all granulation 
processes.  This part of the review reports the various identified mechanisms of inter-particle 
forces and applies this knowledge to wet granulation using a TSG. 
Mechanisms of wet granulation:  Granulation involving the addition of a liquid binder 
requires a detailed understanding of the interactions of the liquid with the particle assembly.  
Issues of wetting and nucleation, coalescence and growth, consolidation of the granule 
matrix and breakage and attrition will be discussed. 
2.3. Particle adhesion and granule strength 
The fundamental principle of granulation is the adhesion of primary particles to form 
clusters or agglomerates.  In order to understand granulation it is therefore essential to 
understand the nature of the forces holding the primary particles together.  This section 
reviews the various established mechanisms for inter-particle adhesion and presents 
predictive models for granule strength. 
Agglomeration is controlled by the relationship between the volume and surface forces 
acting on a particle.  The most important factor in agglomeration is the ratio of the 
environmental forces (e.g. gravity, inertia, etc) and the attractive forces between the 
particles.  Figure 2.1 shows a particle bonding to a surface. 
 
Figure 2.1 - Representation of adhesion of a stationary spherical particle on a flat wall [after Pietsch, 
1991]. 
3 
  
d 
 
𝐵𝑜 
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Here F(1, 2, 3, 4) are environmental forces acting on the particle, and B(x) is the sum of the 
binding forces/mechanisms adhering the particle to the surface. The binding force is also 
described as the adhesion tendency, Ta in equation 2.1 [Pietsch, 1991]: 
    
∑   ( ) 
∑    ( ) 
   (                 ) Eqn. 2.1 
Binding mechanisms for size enlargement were first defined and classified by Rumpf 
[1962].  The mechanisms are divided into five sections as shown in table 2.1: 
Table 2.1 - Binding mechanisms in agglomeration [after Rumpf 1962]. 
I. Adhesion and cohesion forces in non freely movable binders: 
Highly viscous binders, adhesives 
Adsorption layers (below approximately 3-5nm thickness) 
II. Interfacial forces and capillary pressure at freely movable liquid 
surfaces: 
Liquid bridges 
Capillary forces at the surface of aggregates filled with liquid 
III. Solid Bridges: 
Mineral bridges, sinter bridges 
Chemical Reaction 
Partial melting 
Hardening binders 
(a) Crystallisation of dissolved substances 
(b) Deposition of suspended colloidal particles 
IV. Attraction forces between solid particles: 
Molecular forces 
van der Waals’ forces 
Chemical binding forces (valence forces) 
Electrostatic forces 
Magnetic forces 
V. Interlocking bonds (form-closed bonds) 
The five mechanisms given in table 2.1 will be reviewed in the following sections. 
2.3.1.1. Adhesion and cohesion forces in non freely movable binders (I) 
If enough liquid is present, a thin immobile film may be formed around the particles, 
effectively increasing the particle diameter, increasing the contact area between the particles 
and decreasing the distance between particles.  This will cause the bond strength to increase, 
as the van der Waals forces of attraction are proportional to the particle diameter, as well as 
being inversely proportional to the distance between the particles.   
The force between two particles is affected in two ways [Sherrington and Oliver, 1981]: 
i. Surface roughness is decreased, thereby increasing the surface contact area 
ii. Effective distance between particles is decreased. 
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The cohesive force in the case where particles just touch at the immobile layer boundary is 
given by equation 2.2 [Rumpf, 1962]: 
     
 
2
         Eqn. 2.2 
Where had is the adsorbed layer thickness, d is the particle size, σcoh is the cohesion of the 
liquid forming the adsorbed layer  and Fad is the mean bonding force at the point of contact 
[Rumpf, 1962].  Studies have shown that the magnitude of the bond strength from this 
phenomenon is small compared to other liquid bridge mechanisms [Rumpf, 1962]. 
2.3.1.2. Interfacial forces/capillary pressure at freely movable liquid surfaces (II) 
Mobile liquid films may be formed if the amount of liquid within the powder is sufficient.  
Liquid bridges will be formed between the particles, and these can be characterised into 
three states [Newitt and Conway-Jones, 1958] which are shown in Figure 2.2: 
 
Figure 2.2 - Pendular, funicular and capillary liquid bridges in agglomerates 
The pendular state implies that the particles are held together by lens shaped liquid rings at 
the point of contact between the two particles, as shown in figure 2.3.   
 
Figure 2.3 – Illustration of a pendular bridge between two equal sized spherical particles 
Here r is the radius of the particle, θpm is the angle subtended between the particle-particle 
contact point and the meniscus particle contact point and θml is the contact angle between the 
particle surface and the meniscus of the liquid at the particle surface.  The most 
r
θpm
θml
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comprehensive studies of pendular bridges [Fisher, 1926 and 1928 - Reviewed in 
Sherrington and Oliver 1981] summarises that in the absence of other forces (e.g. Van der 
Waals) the overall cohesive force of a pendular bridge is governed by two factors; the effect 
of surface tension and the negative pressure caused by the curvature of the liquid bridge 
meniscus at the air–liquid interface.  The work resulted in equation 2.3 [Sherrington and 
Oliver 1981]: 
       
2   
     (
   
2
⁄ )
 Eqn. 2.3 
Here Fpend is the cohesive force for the pendular bridge, γ is the surface tension.  The model 
above neglects the effect of gravity.  A number of studies have further investigated this 
topic, but the basic form of the equations has not altered significantly.  Sherrington and 
Oliver, [1981] outline these more recent studies.  With further mathematical derivation of 
this formula, it can be shown that as the volume of the liquid bridge decreases, the cohesive 
force increases, due to the negative increased pressure resulting from the smaller radius of 
curvature.  The range of the angle subtended between the particle-particle contact point is 
between 30 – 45 o for this model, as it assumes a close packed or in cubic arrangements.  
Angles below 10 
o
 mean the contribution of the surface tension is negligible. 
This work, combined with work from Pietsch and Rumpf, [1967] on the magnitude of 
adhesion force due to pendular bridges, allows a prediction of the pendular binding forces to 
be obtained based on the physical characteristics and properties of the liquid and powder. 
As the liquid content increases, the funicular state is reached.  This is an intermediate stage 
where air is still interspersed with the liquid rings.  The funicular bond is a mixture of 
pendular bridges and capillary suction pressure.   
The capillary state is reached when all the pores between the particles have been filled.  
Agglomeration is caused by the negative capillary pressure at the granule boundary gas-
liquid interface.  The following equation (equation 2.4) was developed to estimate the tensile 
strength of a particle assembly in the capillary state [Newitt and Conway Jones, 1958]: 
      
  (   )
  
 
 
 Eqn. 2.4 
Where τcap is the tensile strength due to capillary forces, k’ is a shape dependent constant, ε 
is the porosity and εp is the permittivity.  k’ has been shown to be approximately 4 for 
roughly spherical particles [Sherrington and Oliver, 1981].  This equation only relates to 
completely saturated systems.  Another model has been developed by Rumpf, [1958] for 
saturated capillary systems and is given in equation 2.5;  
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  ̃
      Eqn. 2.5 
Here   ̃ is the hydraulic mean pore radius and Sv is the volumetric ratio of liquid to solid.  
At high saturation ratios (Sv >80%) only capillary pressure is exerted in the system (i.e. 
pendular bridges no longer play a role at these high saturation values), and there is a 
decreasing contribution to the adhesion due to the fraction of part filled pores not 
transmitting tensile strength [Rumpf et al., 1976].  
2.3.1.3. Solid bridges (III) 
In many cases liquid bridges only act as an intermediate stage in agglomeration and are not 
significant in the final granule tensile strength.  The liquid bonding is transformed into solid 
bonds by means of solidification, crystallisation or chemical reaction with the solid 
[Sherrington and Oliver, 1981]. 
The solid bridges can be caused by a number of mechanisms, such as local melting due to 
pressure or frictional heating at contact points that solidify upon release of pressure or 
cooling, solutions that become more concentrated as liquid evaporates, or solutions that 
become more saturated by dissolving material that then solidifies. 
The evaluation of solid bonds depends upon the correct estimation of the mode of fracture of 
the solid bridge and also what the characteristics of the solid bonds will be.  In one of the 
few studies available in the literature on solid bridges, it is stated that the force due to a solid 
bridge is proportional to the yield strength of the binding material.  This is given by equation 
2.6 [Pietsch et al., 1969]: 
     
   
  
   
  
(   )   Eqn. 2.6 
where     is the tensile stress of the solid bridge, msb is the mass of the solid bridge, mp is 
the mass of the particles, ρsb is the density of the solid bridge, ρp is the density of the 
particles, and τb is the yield strength of the bridging material.  This equation can also be 
displayed as equation 2.7: 
           Eqn. 2.7 
where ψb is the degree of filling.  The strength of solid bridges between two particles by 
drying and the forces exerted by the bridge of the particles have also been studied [Tardos 
and Gupta, 1996].  In this study it was shown that large tensile and compressive forces are 
developed in the bridge, and these forces increase in time and reach their full strength in 50-
90% of the drying time. 
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The study by Pietsch et al.,[1969] stated that the strength of solid bridges has a profound 
effect on the tensile strength of the agglomerate however the study did not look specifically 
at the intrinsic strength of solid bridges. 
 
The strength of the solid bridge (Fsb) can be estimated using equation 2.8 [Bika et al., 2005]: 
         
2     Eqn. 2.8 
where rsb is the radius of the narrowest portion of the solid bridge or neck, and τsb is the 
tensile strength.  Bika et al. [2005] point out that both rsb and τsb can be difficult to estimate.  
Pietsch and Rumpf [1967] developed a semi analytical solution to this problem in equation 
2.9 giving two coefficients listed in table 2.2: 
 
   
 
  [
     
    
]
 
 Eqn. 2.9 
Where Cs is the solid concentration in the binder solution, Vb liquid bridge volume and 
p*(=p/dp) is the dimensionless particle separation distance. 
Table 2.2 - Coefficients b and c from equation 2.9 (after Bika et al., [2005]) 
p*=(p/d) b c 
0 0.288 0.210 
1% 0.381 0.326 
2% 0.717 0.494 
3% 1.170 0.680 
This model assumes that the bridging volume is small (as it would be in the case of 
evaporation) and that the meniscus of the bridge surface is circular.  Bika et al. [2005] 
studied other models for the estimation of the solid bridge and by evaluating all the available 
models came up with equation 2.10: 
       
2 (   )
 
[
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2 
    Eqn. 2.10 
Here σcr is the granule crushing strength, which is easier to measure.  Plotting granule 
strength as a function of the dimensionless bridge volume yields the best fit for b and c.  
This work assumes that the total porosity of the granules remains constant [Bika et al., 
2005]. 
2.3.1.4. Attraction forces between solid particles(IV) 
Intermolecular forces are often responsible for unwanted agglomeration in particle-particle 
systems.  Forces in this section include valence energies, van der Waals forces, chemical 
bonding, electrostatic forces and magnetic forces. 
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Valence energies are relatively strong when compared to other intermolecular forces, such 
as van der Waals (bond strengths of 10-70 kcal mol
-1
 compared to 0.5-2 kcal mol
-1
 
[Sherrington and Oliver, 1981].  However, as these forces are only influential when the 
distance of separation between particles is very low, in the order of 10 Å, any deviation from 
a molecularly smooth surface will lead to a diminishing effect of valence energies [Lennard-
Jones, 1931].  So, as in most granulation systems, the degree of surface roughness causes the 
distance of separation to be at least an order of magnitude greater than 10 Å or 1 nm, 
valence energies are not thought to play a significant role [Sherrington and Oliver, 1981]. 
In size enlargement systems van der Waals forces are considered to be the most influential 
of all inter-particle molecular forces.  A number of models have been developed to 
approximate van de Waals forces in a range of systems, depending upon the geometry of the 
system, and upon the approach taken during development of the model. 
The best known approach for predicting van der Waals forces was developed by Hamaker 
[1937]. The adhesion force for two spheres, shown in Figure 2.4, is given by equation 2.11: 
 
Figure 2.4 - Schematic of van der Waals attractions for separation of unequal spheres 
 
      
 
 2  
(
    
     
) Eqn. 2.11 
Where d1 and d2 are the particle diameters and x is less than 103 Å (100nm) and A is the 
Hamaker constant, which can be calculated by equation 2.12: 
   ( 2  
2 ) Eqn. 2.12 
where nv is the number of atoms per unit volume and λ is the van der Waals constant for 
attraction.  The Hamaker constant has been stated as being in the order of 10
-20
 to 10
-19
 J 
depending upon the material characteristics [Pietsch, 1991]. 
x 
d1 d2 
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Electrostatic forces are nearly always present in particle-particle systems and are primarily 
caused by inter-particle friction.  Typical charge densities caused by electrostatic forces are 
in the order of 10
-10
 to 10
-6
 C m
-3
 [Sherrington and Oliver, 1981].  Equation 2.13 has been 
developed by [Rumpf, 1958] to estimate the maximum electrostatic force of attraction for 
two oppositely charged spheres: 
       
  2       
4     
 Eqn. 2.13 
where ϕ is the charge density on the particle surface, dp is the diameter of the particle, εo is 
the permittivity of space and εR is the relative permittivity of the medium (usually air).  Felec 
is not of the same order of magnitude as other inter-particle bonding mechanisms, but is 
important none the less as it can hold particles in place long enough for other, more 
substantial mechanisms, to develop. 
Studies have shown that in some cases (high surface roughness and comparatively large 
particles) electrostatic force can be larger than van der Waals forces.  This is most 
significant in dry granulation.  In most granulation systems electrostatic forces only play a 
significant role in the initial mixing of the dry components and do not influence the final 
granule strength significantly [Aulton, 2001]. 
2.3.1.5. Interlocking bonds (V) 
Interlocking bonds are only considered within systems that have highly irregular shaped 
particles with high aspect ratios, such as fibres [Rumpf, 1962].   
2.3.1.6. Average tensile strength of granules 
If there are models/equations to describe the strength in terms of forces that are mobilised 
when stresses are applied to granules, it is possible to estimate the contribution of each of 
the binding mechanisms described above. 
Many empirical and theoretical procedures have been proposed which estimate how 
different forces can contribute to the tensile strength with limited experimental verification.  
Sherrington and Oliver [1981] refer to a number of these studies. 
The most important advance in this area is the study by Rumpf [1958].  This study, however 
idealised, highlights the key factors contributing to the tensile strength of agglomerates.  The 
tensile strength can be calculated using equation 2.14: 
   [
(   )
 
] (
 
  
) Eqn. 2.14 
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Here τ is the tensile strength, ε is the porosity, F is the force and d is the diameter of the 
particle.  Assumptions in this equation are: 1) Along the plane of fracture, the number of 
bonds is high and, 2) the bonds are evenly distributed across the failure plane and rupture 
simultaneously.  Unfortunately this is not usually the case and many materials rupture 
brittlely and fail by the propagation of cracks and flaws.  Johnson et al. [1971] and Kendall 
[1987 and 1988] proposed an alternative to the above model and the result is given by 
equation 2.15: 
      
  
  
        (   )
4  
(   )   
 Eqn. 2.15 
Here Cc is a measure of cracks or material flaws, Kc is the fracture toughness and G is the 
adhesive surface energy of the inter-particulate bonds. 
2.3.2. Summary 
In summary, the fundamentals of particle-particle interaction are described by force 
mechanisms.  When being applied to wet granulation, only two of these forces are dominant 
and need be considered when studying the forces within a system, they are: 
1. Liquid bridges - Interfacial forces and capillary pressure at freely movable liquid 
surfaces 
2. Solid Bridges 
The two identified mechanisms have been the subject of significant study and as a result 
theoretical models and equations have been identified to estimate the forces within systems. 
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2.4. Mechanisms of wet granulation 
2.4.1. Introduction to section 
Granulation is the general term for producing granules by agglomeration.  In this section the 
mechanics of wet granulation will be reviewed.  The modern interpretation of the wet 
granulation process can be classified into four mechanisms.  These mechanisms are shown 
in figure 2.5: 
 
Figure 2.5 - The rate processes of agglomeration, or granulation, which includes powder wetting, 
granule growth, granule consolidation and granule attrition.  These processes combine to control 
granule size and porosity, and they may be influenced by formulation or process-design changes.  After 
Perry and Green [1997] 
Nucleation is the term used to describe the adhesion of two primary particles due to the 
presence of a binder or fluid and occurs during the wetting stage.  Coalescence is the term 
used to describe the sticking together of nuclei or granules to form larger granules and 
occurs during the growth stage.  Each of the mechanisms will be reviewed in more detail in 
this section.   
2.4.2. Wetting and nucleation 
Wetting of the powder is driven by wetting thermodynamics and kinetics, and studies on this 
subject have concentrated in two areas; the adhesion tension and the spreading coefficient.  
The initial coalescence of the primary particles (i.e. the initial partially wetted material) is 
referred to as nucleation, whereas the term coalescence is used to refer to the agglomeration 
of smaller granules to form larger ones. 
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The distribution of the wetting/binding agent with the powder has a profound effect on the 
size distribution of the nuclei.  The extent to which the powder is covered as well as the rate 
at which this happens is important in determining the physical characteristics of the granule. 
Methods for characterising the process of wetting include four techniques; spreading of 
drops on the powder surface, penetration of the drops into the powder bed, penetration of the 
particles into the fluid, and chemical probing of the powder [Perry and Green, 1979]. 
The contact angle is an indication of the affinity of a liquid for a solid.  The contact angle, θ 
as shown in Figure 2.6, is given by the Young-Dupré equation (equation 2.16): 
 
Figure 2.6 - Schematic of a droplet spreading on a surface 
                  Eqn. 2.16 
where γ is the interfacial energy and the suffixes S, L and V relate to solid, liquid and 
vapour phases respectively.  When γsv is greater than γsl, then the contact angle of the fluid 
wetting the solid will be less than 90
o
.  At the limit γsv - γsl ≈ γlv, θc will be approximately 
zero and the fluid will spread completely over the solid.  The extent of wetting is controlled 
by γlvcosθc, which is known as the adhesion tension. 
Studies have been carried out into the effect of altering the contact angle on the nucleation 
using various mixtures of a hydrophobic material (salicylic acid with a contact angle of 
103
o
) and a hydrophilic substance (lactose with a contact angle of 30
o
) [Aulton and Banks 
1979].  As the contact angle between the solid and liquid increased (i.e. the ‘wettability’ of 
the material decreased) the mean granule size decreased. 
The main limitation of this equation is that granulation relates to a constantly changing 
‘dynamic’ contact angle as the droplet spreads on the surface of the particle.  This equation 
relates to a single, static contact angle. 
Another method to characterise wetting involves investigating the ability of the fluid to 
penetrate the powder.  This is given by measuring the extent and rate of fluid rise by 
 
θ γSL 
γLV 
γSV 
Droplet 
Solid Surface 
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capillary suction into a column of powder.  This is known as the Washburn test.  Assuming 
constant capillary pore radius (rcp) the height of rise is given by equation 2.17: 
    
2        
     
 Eqn. 2.17 
where ρ is equal to       ⁄ .  By disregarding the effect of gravity and assuming that the 
viscous losses are equal to the capillary pressure, the rate of height rise (dh/dt) and therefore 
the dynamic height is given by equation 2.18 
 
  
  
 
           
4  
    √[
           
2 
]   Eqn. 2.18 
where μ is the binder/fluid viscosity [Parfitt, 1981]. This equation is only valid when h « hc 
and h is vertical.   
The wetting and nucleation mechanisms can also be described in terms of surface energies.  
The spreading coefficient, λ, is a measure of the tendency for a liquid/solid mixture to 
spread over each other.  This can be described by the work of adhesion and cohesion which 
are defined by Ivesen et al., [2001a].  The spreading coefficient for each phase can be 
calculated using equations 2.19 and 2.20: 
            Eqn. 2.19 
 
            Eqn. 2.20 
where λLS is the spreading coefficient for liquid spreading on to a solid and λSL is for a solid 
spreading/adhering to a liquid.  W is the work per unit area of interface and the suffixes A, 
CL and CS stand for adhesion, cohesion for liquid and cohesion for a solid [Iveson et al., 
2001a].  Spontaneous spreading will occur for positive values of λLS.  When λLS is positive 
the fluid/binder will spread forming a film across the particles and liquid bridges will form 
between contacting particles.  If λSL is positive, liquid bridges will only form where the 
liquid or binder initially touch as the liquid will not spread. 
For the work on wetting, it can be concluded that a certain amount of binder/liquid is 
required to allow granulation to take place, i.e. a critical liquid/powder ratio or critical 
moisture content. 
As the binder content increases the type of liquid bridges changes from firstly pendular, to 
funicular to finally capillary.  Newitt and Conway-Jones [1958] noted that the initial 
moisture content for granulation to occur correlated with 90% of the dry packed voidage in 
the powder.  Capes and Dankwerts [1965] also noted that for granulation to occur, the 
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moisture content needed to be between 90-110% of the dry packed void volume, with both 
the above studies carried out using packed sand grains.  During these studies, however, the 
level of packing altered with increasing moisture content and the volume occupied by the 
moisture content was found to be only 85-93% of the actual sand granule voidage [Capes 
and Dankwerts, 1965].   
Using coarser sand, the amount of moisture content required was found to be much lower 
than the voidage volume of the sand [Sherrington, 1958], and a model for calculating the 
volume was derived by assuming that the internal voidage of a granule was saturated with 
liquid whilst the surface was dry, as in Figure 2.7   
 
Figure 2.7 - Granulation model - a magnified view of the granule surface after Sherrington and Oliver 
[1981] 
The derived model is given in equation 2.21, where xw is the depth of withdrawal from a 
surface of the granule, xr is the granule radius and r is the grain radius. 
      (      ) Eqn. 2.21 
Here Sv is the volume ratio of liquid to solid in the granule (i.e. the extent of saturation), εv is 
the volume ratio of voids to solid in the packed sand grains, xw is the depth of withdrawal of 
the liquid surface as a fraction of the radius of the sand grains and η is the ratio of the 
average sand grain diameter to the average granule diameter. 
In studies by Tardos et al. [1997] using a mixer torque device, the critical binder ratio was 
assessed by comparing the torque to the binder content for two different powder systems 
(sodium carbonate/zeolite mixture, and porous sodium carbonate).  This study showed that 
the saturation point is related to the powder porosity with the critical transition of the 
solid/liquid ratios occurring at 45% total void fraction for the sodium carbonate/zeolite 
mixture, and at 68% total void fraction for the porous sodium carbonate.  It was also shown 
that the binder/powder ratio is not approximate to either the total void fraction or porosity of 
xw
xr
r
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the powder as the binder might not completely penetrate all the pores of the solid.  In 
addition to this, it was noted that the binder addition rate influences the critical 
binder/powder ratio, as a decrease in shear rate and increase in binder addition rate resulted 
in excessive growth as there was not sufficient time in the granulator to allow the binder to 
absorb into the pores of the powder [Tardos et al., 1997]. 
2.4.3. Modelling of nucleation in wet granulation 
Rankell et al. [1964] discovered a linear relationship between the binder addition rate (spray 
rate) and the velocity of the powder bed on the average granule size, as shown in figure 2.8.  
Tardos et al. [1997] found that a narrow particle size distribution was obtained by increasing 
spray surface area and by increasing powder bed velocity. 
 
Figure 2.8 - Schematic representation of the spray zone when adding binder liquid to a moving powder 
bed with a flat spray nozzle after Wildeboer et al. [2005] 
Schaafsma et al. [1999] investigated the effect of droplet size and spray rate on the granule 
size and found a direct relationship in the early growth phase of the granules.  This led to the 
development of the dimensionless spray flux, a tool to predict the controlling mechanism of 
the nucleation process [Litster et al., 2002].  The rate of creation of droplets for a nozzle is 
given by equation 2.22: 
  ̇  
  
   
  Eqn. 2.22 
where  ̇  is the number of spray drops produced by the spray nozzle per unit time, Q is the 
binder liquid flow rate and dd is the droplet diameter (assuming mono-sized spheres).  This 
can be developed into a projected area of drops assuming that there is no hindrance or 
overlap of drops and no spreading upon impact.  The dimensionless spray flux is given by 
equation 2.23 [Wildeboer et al., 2005]: 
    
3 
2        
 Eqn. 2.23 
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Hapgood et al. [2004] showed that the fraction of drops that did not overlap in the spray 
zone is given by equation 2.25: 
             (    ) Eqn. 2.24 
i.e. for ψa = 0.1, Hapgood et al. predict that 67% of the drops will form single granules 
[Wildeboer et al., 2005]. 
Hapgood et al. [2003] proposed a nucleation regime map that describes the mechanisms that 
control the formation of nuclei in terms of ψa and the drop penetration time tp (assumed in 
previous model to be zero, but will relate to the spreading of the droplet on the particle 
surface), as shown in figure 2.9: 
 
Figure 2.9 - Nucleation regime map after Hapgood et al. [2003] 
This model has its limitations and was expanded upon by Wildeboer et al. [2005] to address 
two of the main simplifications in the original model, namely: 
1. The spray flux does not account for the possibility that nuclei granules overlap even 
when the spray drops do not because the nucleus granule size is larger than the drop. 
2. It was assumed that the drop distribution was even across the spray zone whereas 
this is unlikely in real applications. 
Wildeboer et al. [2005] and Hapgood et al. [2004] both applied Monte Carlo simulation to 
their nucleation models.  Wildeboer et al. [2005] used this to develop a model to assess the 
effect of uneven spray distribution and the overlapping of nuclei.  This work resulted in a 
model that could map nuclei size distributions well into the intermediate regime on the 
nucleation map of Hapgood et al. [2004]. 
2.4.4. Coalescence and growth 
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A large number of different models exist for predicting whether the collision between two 
particles will result in coalescence.  These have been summarised by Iveson et al. [2001b] 
and are summarised in table 2.3.  Iveson et al. [2001] separated the models into two classes, 
Class I and Class II.  Class I models assume that the granules are free to move and that 
elastic properties are important in collisions.  Class II models assume that the elastic effects 
are negligible, mainly due to the dominance of plastic properties of the particles or the 
closeness of the particle packing within the system. 
Table 2.3 - Summary of coalescence models available in the literature after Iveson et al. [2001a] 
Authors Type
a
 Comments 
Ouchiyama and Taknaka 
[1975] 
Class II Distinct compression and separation zones in drum granulator; 
Plastic deformation; Adhesive force; Force balance. 
Ennis et al. [1991] Class I Head on collisions; Viscous fluid layer; Coefficient of 
restitution; Energy balance. 
Moseley and O’Brien [1993] Class I Collisions at an angle; Elastic deformation; Adhesion energy; 
Energy Balance. 
Simons et al. [1993, 1994] Class II Capillary bridge rupture energy. 
Adams et al.[1994, 1998] Class I DEM simulations of agglomerate collisions including friction, 
viscous and capillary forces, 
Pendular bridge rupture and particle elastic deformation. 
Seville et al. [1998] Class II Balance between particle contact time and visco-plastic sinter 
neck growth time. 
Thornton and Ning [1998] Class I Head on collisions; Elastic–plastic deformation; Adhesion 
energy; Energy balance 
Liu et al. [2000] Class I Head on collisions; Elastic–plastic deformation; Viscous fluid 
layer; Energy balance. 
Agglomeration is influenced by many factors, including the deformability of the colliding 
granules and the availability of binding liquid at the collision surface.  Collision models are 
split into two categories, those that consider little or no granule deformation, and those that 
do consider granule deformation.  Examples of both will be discussed further on in this 
section. 
Some of the growth mechanisms can be seen in Figure 2.10.  All growth mechanisms rely 
on the collisions of particles and their subsequent adhesion. 
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Figure 2.10 - Granule growth mechanisms: a) agglomerate formation by nucleation of particles; b) 
agglomerate growth by coalescence; c) layering of a binder coated granule; d) layering of a partially 
filled binder droplet.  After Tardos et al. [1997] 
Agglomeration also requires that at the collision points between particles, enough binder is 
present between the two particles to induce agglomeration, as seen in Figure 2.11: 
 
Figure 2.11 - Coalescence of two binder covered particles after Tardos et al. 1997 
Agglomeration can be simplified down to the condition required under which two particles 
collide.  If they stick together then growth will occur in the system, however if they rebound 
growth will not occur.  Certain conditions must be met in order to promote growth. 
As the binder is introduced into the system, and assuming that the contact angle favours 
spreading, the binder droplets will spread over the particle surface, as well as penetrating the 
surface pores.  Penetration into the surface pores is important as it alters the surface 
properties of the powder making them more malleable and therefore receptive to the plastic 
deformation required for coalescence (figure 2.12b). 
Figure 2.12 depicts a granulation system where the binder/powder ratio is such that the 
particles are covered.  Collision between particles will then occur between binder covered 
surfaces.  As the particles collide, first contact will occur between the outer binder-layers 
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causing the liquid to be squeezed out from between the particles until such a point that the 
solid surfaces touch.  Depending upon the malleable characteristics of the particles some 
form of solid rebound will occur and liquid will be sucked back into the gap between the 
two particles forming a pendular bridge.  Depending upon the extent of the solid rebound, 
the pendular bridge may then rupture. 
 
Figure 2.12 - Schematic diagram of the model used to predict coalescence of surface wet, deformable 
granules. (a) Approach stage. (b) Deformation stage. (c) Initial separation stage.  (d) Final separation 
stage. [Liu et al, 2000]. 
Tardos et al. [1997] have shown that the total force induced by a liquid bridge is the sum of 
two effects; the surface tension contribution to the bridge volume plus the surface tension of 
the fluid, and the viscous contribution dominated by the relative velocity and the viscosity of 
the fluid.  This is expressed analytically by equation 2.25  
              
3      
 
4   
 (    )    
2[  (    )] Eqn. 2.25 
where μb is the viscosity of the binding fluid, u0 is the relative velocity (normal component 
only), htb is the binder layer thickness, γb is the binder surface tension, θf is the filling angle, 
Co is the Laplace-Young deficiency due to the curvature of the free surface of the liquid, and 
p is the characteristic particle dimension. The ‘particle dimension’, d, can be calculated 
using equation 2.26 if the two particles are not of equal size: 
 
 
 
 
 
  
 
 
  
 Eqn. 2.26 
Here d1 and d2 are the different particle diameters. 
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One of the ways of modelling the collision between two binder covered particles is by using 
the viscous Stokes number relating to coalescence (assuming that there is no deformation of 
the particles).  This is a ratio of the kinetic energy of the system to the energy dissipated in 
the liquid bridge and in the particle [Ennis et al., 1991].  This model assumes that granules 
are solid and non deformable.  It also assumes a thin viscous layer around each particle, and 
negates the effect of capillary forces, as for viscous binders the viscous forces dominate the 
capillary forces.  This usually applies to systems where the impact forces are very small or 
the particles colliding are extremely rigid.  The Stokes number is given by equation 2.27: 
      
                      
                                   
 
       
    
 
        
 
      
   
 Eqn. 2.27 
Here ρp is the particle density, mp is the mass of the particle, and μs is the surface viscosity.  
Examples include fluidised beds where the agitation forces are relatively gentle, during 
initial nucleation where particles first collide and pore saturation would not have taken place 
altering the surface properties, or the later stages of granulation when particles may become 
rigid due to consolidation or binder evaporation [Tardos et al., 1997]. 
This model predicts whether collisions will be successful by comparing       to a critical 
value,      
 .       
  is given by equation 2.28 [Iveson et al., 2001a]: 
      
  (  
 
 
)   (
   
  
) Eqn. 2.28 
Here e is the coefficient of restitution, htb is the thickness of the binder layer and ha is the 
characteristic height of surface asperities.        grows during granulation as the granules 
grow, leading to three stages of granulation regimes [Ivenson et al., 2001a]: 
• Non-inertial regime (     ˂      
 ):  All collisions are successful regardless of the 
particle size 
• Inertial regime (     ≈      
 ):  The likeliness of a successful collision resulting in 
coalescence is dependent on the particle size.  Collisions between two small particles or one 
small and one large particle are more likely to succeed than collisions between two larger 
particles. 
• Coating regime (     ˃      
 ):    All collisions are unsuccessful. 
It is noted by Iveson et al. [2001a] that equation 2.28 is only used to calculate the maximum 
size of the granules that can coalesce in a system and it does not calculate the rate of growth.  
As there will be a range of collision velocities in a granulator, there will also be a range of 
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 , so there would not be any sudden shifts from one regime to the next as described 
above, rather a shift in growth rates as granulation progresses and granules grow. 
To calculate the Stokes number for coalescence, the relative velocity between particles is 
required.  Predicating uo can be extremely difficult since the powder flow in a granulator is 
highly complex and varied.  Equation 2.29 relates the velocity to shear rate for any mixer, 
whilst equation 2.30 has been developed for estimating uo in fluidised bed granulators 
[Tardos et al., 1997]: 
      ̇ Eqn. 2.29 
where  ̇ is the average shear rate in the mixer. 
    
     
     
  Eqn. 2.30 
Here ub is the bubble velocity, db is the bubble diameter and δbs is the dimensionless bubble 
spacing.  Using these velocities the critical granule diameter is given by equation 2.31 for 
the point when the process crosses between the different granulation regimes (     =      
 ) 
[Tardos et al., 1997]: 
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 Eqn. 2.31 
In most systems a certain amount of particle deformation will take place during granulation.  
A number of models have been developed to predict coalescence under conditions where the 
deformation of particles takes place. 
Tardos et al. [1997] present a model for ‘green’ granules (i.e. wet granules).  It is assumed in 
this model that the only strength imparted to the granules is that of the liquid bridges formed 
during granulation, and that these bridges have not had the chance to strengthen significantly 
either due to lack of time or the fact the binder viscosity did not increase. 
A new Stokes number is defined for the deformation of a granule and is given by equation 
2.32: 
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 Eqn. 2.32 
where vp is the granule volume, mp is the granule mass and  ( ̇) is some characteristic stress 
in the granule.  By assuming that the characteristic stress is equivalent to the granule yield 
strength, the Stokes number for deformation is given by equation 2.33: 
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 Eqn. 2.33 
The critical point (limiting granule size) is given in equation 2.34 for the point at which 
     is equal to a critical value      
 : 
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 Eqn. 2.34 
This equation is similar in structure to equation 2.31 for non-deformable granules but there 
is a noticeable difference.  The model for deformable granules predicts an inverse linear 
relationship between the critical granule size and the shear rate, whereas for non-deformable 
granules, there is an inverse square root relationship. 
Tardos et al. [1997] summarises two of the different models for non-deformable and 
deformable particles in Figure 2.13: 
 
Figure 2.13 - Schematic representation of equilibrium stokes numbers vs. critical granule size: (A) 
coalescence limit above deformation limit; (B) deformation limit above coalescence limit after Tardos et 
al. [1997.] 
In this figure the growth limit is characterised by      /     
  (curve A) and the deformation limit is 
characterised by      /     
  (curve B).  Both the depicted scenarios are plausible; one where the 
growth limit is below the breakage limit and one where the growth limit is above the limit.  The 
processes will drift in the direction of the arrows towards the equilibrium points depicted by black 
dots on Figure 2.12.  The closer the two lines come to overlapping each other the narrower the 
granule size distribution will be since the equilibrium points for coalescence and deformation will 
equivalent [Tardos et al., 1997]. 
d d 
d 
d d 
d 
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Liu et al. [2000] extended the model by Ennis et al. 1991 described in equitation 2.33 to 
include granule deformation.  Two cases were considered during the study: surface wet 
granules and surface dry granules where liquid is squeezed into the granule surface by 
impact.   
Coalescence in this case is assumed to occur due to dissipation of the kinetic energy of the 
colliding particles by viscous dissipation and plastic deformation of the particles.  The 
model gives two types of conditions for coalescence, type I and type II: 
Type I: Coalescence occurs when granules coalesce by viscous dissipation in the 
surface liquid layer before the solid surfaces touch. 
Type II: Coalescence occurs when granules are slowed to a halt during rebound, after 
the solid surfaces have made contact. 
The model where liquid is present at the surface during collision will be discussed in more 
detail in section 2.4. 
Liu et al. [2000] give a diagrammatic representation of the predicted relationship yielded by 
this model, as shown in Figure 2.14.  For surface wet granules with low Stdef, the likeliness 
of coalescence depends only upon the critical viscous Stokes number for coalescence,     
 
)) 
as given by equation 2.28.  In this region all the collisions are fully elastic (i.e. no permanent 
plastic deformation of particles after collision).  As the Stokes number of deformation 
increases the coalescence regime increases over a wider range of the viscous Stokes number.  
This is because permanent granule deformation starts to occur which aids coalescence in two 
ways: 
i) It dissipates some of the kinetic energy of the collision 
ii) It creates a larger contact area between the two particles which creates a larger 
viscous dissipation force during rebound. 
Unlike the original model by Ennis et al. [1991] the model by Liu et al. [2000] predicts that 
when plastic deformation is significant, increasing the collision velocity many actually 
improve the likelihood of coalescence by pushing a system from the rebound region back in 
to the coalescence regime. 
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Figure 2.14 - Stvis vs. Stdef showing regimes of rebound and coalescence for surface wet deformable 
granules from Iveson et al.[2001c] 
This model by Liu et al. [1991] still has limitations inherent to the original model by Ennis 
et al. [1991] as capillary forces have been ignored and no account has been taken of 
additional bond strength due to particle inter-bonding. 
Iveson and Litster [1998] proposed two main areas of interest in terms of growth behaviour 
in granulation systems; steady growth and induction growth (figure 2.15). 
 
Figure 2.15 - Illustration of steady growth and induction growth behaviour and the controlling effect of 
granule deformability after Iveson and Litster [1998] 
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Steady growth occurs when the average granule size increases steadily with time.  This is 
caused by weak easily deformable granules that form large areas of contact during collision.  
An increase in liquid binder contact increases the rate of growth, but not the qualitative 
nature of growth. 
Induction growth occurs when there is a long period of little or no growth (induction period) 
before a period of rapid growth.  Increases in the binder contact generally decrease the 
induction period.  This occurs in strong, slowly consolidating systems as initially the 
particles do not deform sufficiently to aid coalescence.  However, over time they slowly 
consolidate and eventually, if liquid binder is squeezed to their surfaces, rapid coalescence 
occurs. 
Iveson and Litster [1998] postulated that the type of growth behaviour of a system depends 
upon the function of only the pore liquid saturation and the amount of granule deformation 
during impact.  The maximum granule pore saturation (Smax) is defined by equation 2.35 
      
    (      )
      
 Eqn. 2.35 
Where Sm is the mass ratio of liquid to solid, ρp is the density of solid particles, ρl is the 
liquid density and εmin is the minimum porosity the formulation reaches under the 
conditions.  Using this maximum granulation pore saturation number, a growth regime map 
was produced that plots the Stokes deformation number against Smax, as shown in Figure 
2.16: 
 
Figure 2.16 - Granule growth regime map proposed by Iveson et al. [2001a] with Stdef replacing the 
deformation number De 
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This growth regime map has only been preliminarily verified using a drum granulator with 
two mixtures; sand and water/ethanol, and glass ballotini with water/glycerol solutions 
[Iverson et al., 2001e].  The regime map is useful as a qualitative tool for explaining the 
different growth regimes, but it is not useful for predicting the actual boundaries between the 
different regimes as insufficient experimental verification has been carried out using 
different granulation techniques. 
Iveson et al. [2001a] describe the effects of certain parameters on granule growth and their 
effect on the position of the system within the growth regimes above: 
Binder Content:  Increasing the binder content will increase the maximum pore saturation 
value which means the regime will move from left to right from nucleation, to induction or 
steady state through to rapid growth and then slurry/over-wet mass.  Ritala et al. [1988] 
showed that the pore saturation was the critical factor – by using different binders with 
calcium hydrogen phosphate it was shown that the growth curves collapsed on to the same 
curve when plotted against granule pore saturation. 
Particle size:  Decreasing the particle size increases the granule yield strength, which will 
move the regime on the map from crumb to steady state to induction growth.  Above a 
certain critical size the particles become too large for the wet powder mass to agglomerate 
and so a loose crumb material is formed.  Below this critical size, granules made from 
relatively large particles tend to grow quickly as large sized particles form weak deformable 
porous granules with low coefficients of restitution, therefore aiding coalescence.  Also, 
these particles will break up more enabling growth by crushing and layering.  Fine or wide 
particle size distributions produce stronger, less deformable granules and tend to grow 
slower and produce smaller particles and the porosity of the granules will decrease [Kapur 
and Fuerstenau, 1966].  As the particles become even smaller the produced granules become 
even stronger and less deformable and the porosity decreases leading to a long induction 
phase during granulation as significant coalescence will only occur once sufficient binder is 
squeezed on to the contact surfaces. 
Binder surface tension:  Decreasing the binder surface tension increases the Stokes number 
of deformation and this increase will move the granulation regime from induction to steady-
state to crumb.  Capes and Dankwerts [1965] found that granules would only form if the 
ratio of the surface tension to particle size (γlv/dp) was greater than 0.46 mN/(m μ m), 
otherwise only a weak crumb would form that constantly broke up during granulation.  This 
work is in accord with that of Rumpf [1962] that predicts that there is a minimum strength 
required for granules to survive in a system. 
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Binder viscosity:  Changes in binder viscosity influence the granule growth by altering three 
key parameters required for granulation; binder distribution, consolidation and growth, 
therefore changes in viscosity can cause varied responses depending on the system. 
In general, increasing binder viscosity inhibits binder dispersion over the solids, therefore 
the viscous binder will usually form larger initial nuclei but will take longer to disperse 
evenly throughout the powder.  As with binder surface tension, there is a minimum viscosity 
required for larger particle systems.  A model was developed by Keningley et al. [1997] to 
predict the critical ratio of viscosity to particle size by equating the kinetic energy of impact 
to the energy absorbed by plastic deformation assuming a maximum strain above which 
particles would break, as given by equation 2.36: 
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 Eqn. 2.36 
Where εm is the amount of strain and d32 is the Sauter mean diameter of the granule 
constituent particles.  The critical value of εm was assumed by Keningley et al. [1997] to be 
0.10 and this value yielded favourable agreement with experimental data. 
Increasing binder viscosity will reduce the consolidation rate and increase granule strength.  
This will reduce the pore saturation and the area of contact formed between particles during 
collision therefore inhibiting granule growth.  However, once a viscous binder reaches the 
surface, it will be more efficient at dispersing the kinetic energy of the collision and hence 
promote coalescence. 
2.4.5. Consolidation 
Consolidation occurs as granules collide with other granules and the equipment, causing the 
porosity of the granules to reduce.  This is caused by trapped air in the granule being 
squeezed out as particles are rearranged in the granule matrix, and this may cause more 
binder to be squeezed on to the surface of the granule.  Porosity is important in controlling 
granule growth mechanisms, as consolidation is required to squeeze binder on to the granule 
surface during the induction phase.  Porosity also controls granule strength, as high porosity 
granules will be weak and when they break, form dust which is undesirable in most 
applications.  Low porosity granules may be equally undesirable in pharmaceutical 
applications as this will hinder the dispersion and dissolution properties of the granules. 
Consolidation has a complex effect on the mechanical properties of the granules, such as the 
yield stress.  As porosity decreases, the yield stress increases [Rumpf, 1962].  Iveson et al. 
[2001a] summarise the effects of certain key parameters on consolidation: 
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Binder content:  Increasing low viscosity binder content (such as water) has been found 
generally to increase both the initial rate and final extent of consolidation.  This is due to the 
liquid lubricating the system, therefore allowing particles to rearrange themselves within the 
granules to decrease porosity.  This was observed for high viscosity binders in high shear 
granulation systems [Shaefer et al., 1990] but not in tumbling granulation [Iveson et al., 
1996] so the type of granulation system influences the effect of binder content as well. 
Binder viscosity:  It appears that increasing the binder viscosity will decrease the 
consolidation of granules as the system has to overcome greater viscous forces.  Decreasing 
the binder viscosity will aid consolidation up to a critical value of viscosity at which point 
inter-particle frictional forces become dominant and further reductions in viscosity do not 
effect consolidation. 
Binder surface tension:  Little research has been carried on the effect of different the surface 
tensions of binders on the consolidation of granules.  Decreases in surface tension will 
decrease the capillary forces in the liquid bridges between particles, hence decreasing the 
inter-particle friction and aiding consolidation; however the decrease will also weaken the 
liquid bridge making the bond more susceptible to rupture during granulation [Iveson et al., 
2001a]. 
Particle size:  Decreasing particle size will decrease the rate of granule consolidation as the 
average porosity is decreased and the volume density of inter-particle contacts is increased. 
Ouchiyama and Tanaka [1981] developed a model for granule consolidation based on the 
assumption that particles were held together by the capillary pressure of the binder.  By 
assuming that particle detachment due to dilation of the assembly would not occur, and by 
ignoring the effects of binder viscosity, the granule consolidation rate is given by equation 
2.37: 
 
  
    
 {  
(   ) 
   
}
 
 Eqn. 2.37 
Where ε is the porosity at time t, Kε is the dimensionless granule compaction rate which is 
proportional to the impact energy and the particle size whilst being inversely proportional to 
the inter-particle friction and the binder cohesion tension, n is a parameter describing the 
distribution of the granule impact energy and tct is the compaction time.  This model implies 
that the consolidation rate is proportional to particle size and the energy of granule collision, 
whilst being inversely proportional to the liquid surface tension, and this has been observed 
experimentally [Ouchiyama and Tanaka, 1981]. 
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Ennis et al. [1991] considered the effect of binder viscosity and developed a model that is 
given by equation 2.38: 
 
  
 
      (      ) Eqn. 2.38 
Here Δx is the reduction in inter-particle gap distance x.  This model predicts that an 
increase in binder viscosity and a decrease in particle size should decrease consolidation, 
whilst an increase in the collision energy should increase the rate of consolidation.  These 
trends have also been observed experimentally [Ennis et al., 1991]. 
2.4.6. Breakage and attrition 
Tardos et al. [1997] considered the breakage of granules a result of the Stokes number of 
deformation, as given in equation 3.33.  During their study granules were deformed under 
shear and it was observed that the granules first elongated and then broke at Stdef = 0.2. 
Keningley et al. [1997] also developed a relationship for the breakage of particles.  Both the 
approach by Tardos et al. [1997] and Keningley et al. [1997] show good basis but more data 
are required over a range of materials and processes before a model allowing the accurate 
prediction of breakage can be developed. 
2.4.7. Summary 
 Four relevant mechanisms responsible for inter-particle adhesion in pharmaceutical 
granulation have been identified and their attributes discussed.  The four are: 
o Adhesion due to adsorbed films and viscous binders 
o Liquid bridge forces 
o Solid bridges 
o Surface forces, (molecular forces and electrostatic forces) 
 Two main models have been proposed to predict the strength of granules from 
knowledge of the inter-particle force.  The first by Rumpf [1962] is based on 
averaging the adhesive force of all the contacts across the cross-sectional area of the 
granule.  The second by Johnson et al. [1971] and Kendall [1987 and 1988] are based 
on the propagation of cracks and flaws within the material.  The former method is 
more suitable for ductile failure, whilst the latter is more suitable for brittle failure of 
the granules. 
 Key mechanisms of wet granulation were identified and are summarised below: 
o Wetting and nucleation:  Wetting relates to the spreading and penetration of a 
binder liquid on to the particle surfaces.  The equilibrium of wetting is 
characterised by the contact angle.  The dynamics of wetting involve the 
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viscosity, contact angle and voidage, and can be determined by the Washburn 
test. 
 Modelling nucleation:  Models are presented that relate the rate of 
addition of binder spray to the formation of nuclei.  These are based 
on fluid bed systems.  Their application to other granulation systems 
requires investigation. 
o Coalescence and growth:  Different growth regimes are identified, depending 
on the level of pore saturation by binder, and on the deformability of the 
nuclei.  The Stokes number of coalescence and the Stokes number of 
deformation are useful criteria in identifying the specific growth regime and 
the propensity for coalescence and growth.  Both Stokes numbers have been 
used to develop the concept of limiting granule size in a fluidised bed 
granulator.  The application of this approach to other granulator types might 
be worthwhile in future work.  Finally, information is presented that indicates 
the effect on the growth regime resulting from changes in binder content, 
particle size, binder surface tension and viscosity. 
o Consolidation:  Evidence is discussed that relates to the consolidation of the 
granules, i.e. the decrease in granule porosity due to primary particle 
rearrangement as a result of the release of trapped air from within the 
granule, and granule deformation due to mechanical handling, (impact and 
shear forces).  The effects of binder content, particle size, binder surface 
tension and viscosity on consolidation have been addressed.  Two models are 
reported to predict the rate of change of porosity and the reduction in inter-
particle separation distance within the granule. 
o Breakage and attrition:  Two approaches are reported that predict the 
conditions under which a granule will break.  The first uses the concept of the 
Stokes number for deformation (Stdef) giving a critical limit of Stdef = 0.2 for 
the onset of breakage under shear. The second approach predicts the 
maximum strain limit for breakage by considering the ratio of kinetic energy 
of impact to the energy absorbed by plastic deformation. 
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2.5. Stokes evaluation of granule collisions 
2.5.1. Introduction 
In granulation, particles constantly undergo collisions with other particles.  The growth of 
granules is fundamentally determined by the success of these collisions forming larger 
granules.  A number of previous studies have attempted to model these collisions. The 
model employed in this section [Liu et al, 2000] uses Stokes numbers to assess the kinetic 
energy of the collision and its dissipation in two ways: 
 Viscous dissipation in the binder / liquid film 
 Losses in energy due to the plastic deformation of the particles. 
The model is based on an approach by Ennis et al. [1991], that did not take the plastic 
deformation of the particles into account. 
2.5.2. Model outline 
Consider the collision between two particles as show in figure 2.12.  Assuming that the 
binder layer is thicker than any surface asperities, the collision can be split into three distinct 
stages: 
Approach:  In this stage the particles are assumed to initially touch at a value of twice the 
binder layer thickness (2ho), with a velocity of uo. 
Deformation:  At the stage that the particle solid surfaces touch (velocity = u1), the particles 
will start to deform, forming an enlarged contact area.  The velocity, u, of the particles will 
eventually reach zero before stage three commences.  At u=0, the maximum extent of 
deformation is defined by δ*, see figure 2.12 c. 
Separation: In this stage the particles will separate, with some elastic recovery of the particle 
shape.  It is assumed that the particles’ initial separation velocity is u2.  Eventually the 
particles will reach a separation distance of 2h0, with a velocity of u3, where the liquid 
bridge will rupture. 
This model predicts three outcomes to collisions between two particles: 
i) Type I collision – In this situation, the particles will come to a halt before the solid 
surfaces touch, i.e. all the kinetic energy is dissipated in the liquid bridge before solid 
contact. 
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ii) Type II collision – Particles collide deforming the solid surface but come to a halt 
before separation, i.e. all the kinetic energy of the collision is absorbed by the viscous forces 
and the deformation of the particle. 
iii) Rebound – The kinetic energy of the collision is greater than that can be dissipated 
by the viscous forces and the deformation of the particle. 
2.5.3. Assumptions in model 
The model makes a number of assumptions during these collisions: 
 Binder layer is an incompressible Newtonian fluid. 
 Mechanical properties (such as elastic modulus and yield stress) are strain rate 
independent rather than a function of the stress-strain history.  This assumption is 
highly unlikely to be true as research has shown that even at low strain rates the yield 
stress of alumina particle compacts has been shown to increase with strain [Franks 
and Lange, 1999].  This can be slightly compensated for by gaining relevant 
mechanical properties for the system studied under the granulation conditions. 
 Liquid layer thicker than any surface asperities (ho greater than ha).  This means that 
liquid will always be present at the point of collision.  This model can been adapted 
[Liu et al, 2000] for dry surface collisions where liquid may become present after the 
initial collision. 
 Granule surfaces only deform once surfaces come into contact 
 Creep flow of liquid between two spheres assumed between granules 
 Particles start to deform at a separation distance of 2ha, i.e. two ‘high’ areas of 
roughness are the point of impact. 
 Granules rupture at a value of 2h0 after rebound. 
 Capillary forces are neglected.  This is one of the major simplifications of this 
model, and one of the greatest weaknesses in its approach to predicting the outcome 
of collisions between particles.  This was justified in the original model [Ennis et al. 
1991] on the basis that any energy added by capillary forces during the approach 
stage would be equivalent to that lost during the separation phase.  This will not be 
the case as the capillary forces take time to develop and the initial forces during 
approach will not balance out the force during separation.  The dynamic change in 
the force needs to be considered when including or excluding capillary forces. 
 Inter-particle attractive forces in the contact area are neglected 
 Granule fracture, attrition or breakage is neglected. 
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 This initial collision velocity is the approach velocity of one particle, not the 
combined relative velocity of the collision.  This also seems counter intuitive as the 
kinetic energy of the impact will be twice that used in the model as it is based on a 
single particle energy balance rather than an energy balance on the total system. 
To define the boundaries for the type I/type II and type II/rebound situations, the viscous 
Stokes number (eqn. 2.39) and the Stokes’ number of deformation (eqn. 2.40) is used: 
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 Eqn. 2.39 
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 Eqn. 2.40 
Here ̃ is the harmonic mean granule mass, uo is the initial granule velocity before collision, 
µ is the binder layer viscosity,  ̃ is the harmonic mean granule diameter and Yd is the 
unconfined yield stress of the granule.  
2.5.4. Determination of collision velocity (u1) 
Firstly, the equation of motion was defined [Ennis et al, 1991] as shown in equation 2.41: 
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 Eqn. 2.41 
This is developed from a force balance on an individual particle /granule.  Section 2.5 will 
review this equation in more detail as the assumption to neglect capillary forces directly 
results in this equation.  Also ̃  and  ̃ are the harmonic mean granule mass and diameter for 
the two particles (subscript 1 and 2) respectively, as given by equations 2.42 and 2.43: 
  ̃  
    
     
 Eqn. 2.42 
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 Eqn. 2.43 
Ennis et al [1991], and Liu et al [2000], use the above equations to quantify the size of 
granules.  Assuming the two particles are similar in size (d1/d2 tends to 1), equation 2.42 
then becomes:   
 ̃  
  
 
 
Therefore, when dealing with particles of similar size, the harmonic mean diameter and 
mass will yield values different to that expected of similar size particles, but when the 
particle size is greatly different, i.e. d1»d2 then the equation becomes: 
 ̃   2 
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meaning at greatly different values of d, the harmonic mean granule diameter yields accurate 
estimated of granule properties. 
Another approach is to use a different relationship for the mean diameter, given in equation 
2.44 [Tardos et al, 1997]: 
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 Eqn. 2.44 
Using the same two conditions to assess this model shows that at similar values of d, the 
model predicts  ⏞ tends to d1 and when d1»d2 the model predicts that  ⏞ tends to 2d2.  Both 
methods predict granule diameters accurately at one end of the spectrum of particle diameter 
ratios, but are out by a factor of 2 approaching the opposite end.  At this time the model 
reported by Ennis at el [1991], and Liu et al. [2001], will be used in this study (equation 
2.42). 
By integration, when 2h reaches 2ha and the particles start to deform, the collision velocity 
u1 is given by equation 2.45. 
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2.5.5. Determination of rebound velocity (u2) 
At the type I/type II boundary, u1=0, therefore the equation for the boundary line is given by 
equation 2.46: 
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) Eqn. 2.46 
Here      
   is the Viscous Stokes number for the Boundary between type I and Type II.  This 
equation states that the viscous Stokes number for type I collisions is only a function of the 
binder layer thickness in ratio to the surface roughness. 
For collisions where u1>0, the granules start to deform beyond a separation distance of 2ha 
and the equation for the kinetic energy absorbed, up to the maximum compression due to 
local deformation is shown in equation 2.47: 
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 Eqn. 2.47 
where δ is the deformation, δ* is the maximum deformation, ad is the contact area of 
deformation and Pc is the mean contact pressure.  The mean contact pressure has been 
shown experimentally [Johnson et al., 1987] to be equal to 3.0 Yd, where Yd is the 
unconfined yield stress.   
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When the deformation of the particle is much smaller than the harmonic mean diameter 
(   ̃), the deformation is related to the area by equation 2.48: 
      ̃  Eqn. 2.48 
By substituting equation 2.48 into 2.47 and integrating, equation 2.49 is obtained: 
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At this point in the collision, the particles are at zero velocity and then start to rebound due 
to the stored elastic energy of the particles.  The relationship for the stored elastic energy is 
given in Equation 2.50 [Johnson et al, 1987]: 
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 Eqn. 2.50 
Here a* is the diameter of the deformed area and E* is given by equation 2.51: 
 
 
  
 
    
 
  
 
    
 
  
 Eqn. 2.51 
In this equation v is Poisson’s ratio and the subscripts 1 and 2 represent the two different 
granules.  By substituting equation 2.51 into equation 2.50 the result is equation 2.52: 
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 Eqn. 2.52 
By assuming the rebound to be elastic, the stored elastic energy is converted into kinetic 
energy and therefore the initial rebound velocity is given by equation 2.52: 
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Therefore by combining equations 2.51 and 2.52 we get the initial rebound velocity given by 
equation 2.53: 
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Now by substituting the equation in for u1 the equation for u2 becomes equation 2.54: 
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 Eqn. 2.54 
2.5.6. Determination of permanent plastic deformation 
During the separation stage, the initial geometry of the rebounding particles consists of two 
flat surfaces in contact and the remaining spherical surfaces.  As the particle rebound, the 
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deformed area will recover somewhat due to elastic recovery.  The extent of elastic recovery 
is given by equation 2.55 [Johnson, 1987]: 
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 Eqn. 2.55 
Therefore by subtracting the extent of elastic recovery from the maximum compression (δ*), 
the resulting permanent plastic deformation is given by equation 2.56: 
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]  Eqn. 2.56 
N.B. A simplification has been made in the above derivation which can predict negative 
values of δ” (a physical impossibility), therefore in these situations δ”=0 and the coefficient 
of restitution, e, should equal 1. 
2.5.7. Determination of the type II / rebound boundary velocity (u3) 
The equation for the viscous force of squeeze flow of a Newtonian fluid between two 
asymmetrical particles [Adams and Edmondson, 1987], is given by equation 2.57.  
Integrating this gives the full equation for the motion of the rebounding particles, as shown 
in equation 2.58. 
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 Eqn. 2.58 
Here H(r) is the half distance between the two surfaces at radial distance r from the axis of 
symmetry.  By integrating equation 2.58 at a separation distance 2ho where it is assumed the 
liquid bridge will rupture, the equation for u3 is given by equation 2.59: 
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To define the boundary condition for the rupture of the liquid bridge, u3 is set to zero, and by 
substituting equation 2.56 for (δ”)2 and equation 2.54 for u2 the solution is given in equation 
2.60 (Liu et al, 2000): 
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2.5.8. Plotting boundary map using Stokes number model [Liu et al, 2000] 
The boundary conditions are given by: 
 Type I / Type II boundary:  Equation 5.8 
 Type II / Rebound:  Equation 5.23 
To be able to plot the boundaries, the following variables must be defined: ho, ha, Yd, E*, d1, 
d2, ρ, m, uo, µ.  Table 2.4 shows a number of dimensionless ratios that are often defined in 
literature during the use of this model.  Also contained in the table are a number of standard 
values for the ratios that can be used when information on the actual values is unknown. 
Table 2.4 - Dimensionless ratios for use in Stokes number model 
Dimensionless Ratio Values used in Literature Reference 
a
o
h
h
 10 
(must be greater than 1) 
Ennis et al. 1991 
Tardos et al. 1997 
Liu et al. 2000 
 ̃
  
 10 
Liu et al. 2000 
Iveson et al. 2000 
*
d
E
Y
 
0.01 – 0.05 
(commonly set to 0.01) 
Iveson et al. 2001 
The stability of the model in relation to these dimensionless ratios is assessed in the next 
section.  Figure 2.17 shows the model map using the typical values given in table 2.4.  The 
three regions, type I coalescence, type II coalescence and rebound are shown. 
 
Figure 2.17 - Boundary map for Stokes number Model of granule collision [Liu et al, 2000] 
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The figure shows that at low deformation levels (low Stdef) particle deformation does not 
affect the type II/rebound boundary. As particle deformation increases, more kinetic energy 
is absorbed by particle deformation, resulting in an increased area for the type II region.  
Once parameters are identified for a particular system, this map can be drawn showing the 
boundaries of the system in terms of the type of collision particles will undergo for values of 
Stdef and Stvis.  
To assess a process using this map, a number of different boundary lines will need to be 
plotted, along with operating lines showing the exact position of the process in relation to 
the boundaries.  
The following section will assess the sensitivity of the model to changes in the key 
dimensionless ratios from table 2.4. 
2.5.9. Sensitivity of model to dimensionless ratios 
2.5.9.1. Ratio of particle diameters (d1 to d2) 
The calculated value of  ̃ will affect the ratio of  ̃   ⁄  as ho will be fixed at a particular 
value.  Figure 2.18 shows the effect of changing the ratio of particle diameters from 1 
through to 0.1.  ho/ha is fixed and only  ̃   ⁄  is automatically changed to account for the 
difference in d1/d2. 
 
Figure 2.18 - Effect of changing d1/d2 ratio on Stokes map 
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As the second particle decreases in size respective to the primary particle, the amount of 
deformation decreases, therefore decreasing the area of the type II collision zone. 
2.5.9.2. Ratio of boundary layer thickness to surface asperities 
The ratio of ho/ha can be measured using experimental technique such as AFM analysis, 
whilst the thickness of the boundary layer can be estimated if the specific surface area of the 
powder is known.  Figure 2.19 shows the effect of changing the ratio for a range of values.  
N.B. ho/ha cannot be less than 1 as this would mean any surface asperities are greater in 
height than the thickness of the liquid layer.  In this situation the model is different as the 
initial collision would take place between two dry surfaces.  The collisions of dry granules 
are described using this model in literature [Liu et al, 2000]. 
 
Figure 2.19 - Effect of varying ho/ha on Boundaries on Stokes map 
Increasing the thickness of the boundary layer in relation to the surface asperities increases 
the Stvis level for both the type I and type II boundary.  This is due to the increased thickness 
of the liquid layer, so more energy from the collision is dissipated by this, rather than relying 
of the dissipation due to deformation of the particle. 
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2.5.9.3. Ratio of yield stress to granule Young’s Modulus (Yd/E
*
) 
Figure 2.20 shows the effect of changing the ratio between the unconfined yield stress and 
the granule Young’s Modulus 
 
Figure 2.20 – Effect of changes in the ratio of the unconfined yield stress and the Young’s Modulus of 
the granule on the Stokes map. 
It can be seen that the model exhibits less of a smooth, continuous curve as the ratio 
increases.  This is due to the assumption that the amount of deformation (δ) is much less 
than the harmonic mean radius.  As the ratio of Yd/E* increases, this assumption becomes 
less valid and so the model exhibits less accuracy in its prediction. 
As mentioned previously, the actual physical properties used to calculate the Stokes 
numbers do not affect the boundary condition directly, as any number of combinations can 
lead to a value equal to the boundary layer value.  Changes in physical properties, such as 
viscosity of the binder layer, or granule density, will affect the position of the process on the 
map, rather than the map itself. 
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2.6. Capillary forces 
2.6.1. Why are capillary forces neglected in this model? 
Upon collision between two particles with liquid films on the surfaces, an adjoining liquid 
bridge is formed.  During the approach or separation phase, the force resulting from the 
bridge is composed of viscous forces and capillary forces.  In the model by Liu et al. [2000] 
the capillary forces are assumed to be negligible for two reasons: 
1) During approach and separation, the force component in the liquid bridge associated 
with capillary forces is assumed to balance. 
2) Applying lubrication theory means that the viscous forces should be dominant over 
any capillary forces.  Viscous forces are assumed to far outweigh capillary forces. 
The first point does not take into account the dynamic development of the capillary forces 
and assumes that the force exerted by the capillary bridge is the same at time zero than it is 
at the time of rupture.   
The second point is only valid if lubrication theory applies, which may not be true in every 
granulation application as this will depend upon various factors such as shear rates, film 
thicknesses and film viscosity.  The original theory fundamental to the model will now be 
shown in an attempt to see when capillary forces are neglected with a view of correcting 
this. 
2.6.2. Model force balance 
2.6.2.1. Force balance on particle 
In the original equation of motion used by Ennis et al. [1991], the force balance on an 
individual particle is given by equation 2.61: 
   ̃
  
  
      Eqn. 2.61 
Where γ is the air liquid interfacial tension, d is a particle diameter and F is the total force of 
the capillary and viscous forces in the liquid layer.  F is given by equation 2.62 [Ennis et al., 
1991]: 
              (     ) Eqn. 2.62 
where FCAP is the capillary force, FVIS is the viscous force, Ca is the capillary number and ε 
is the dimensionless separation gap of the particles.  It is not clear from the original work 
where the third term (O(Ca lnε)) in this equation comes from, but further investigation 
shows it to be a term associated with a dynamic system compared to a static system.  In the 
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original work by Ennis et al. [1991] this term is ignored to make the equation solvable.  The 
viscous force and the capillary force are given by equations 2.63 and 2.64: 
      
3   
4   
 Eqn. 2.63 
         
2  (    ) Eqn. 2.63 
Here Co is the Laplace-Young pressure deficiency and φ is the filling angle.  This gives the 
overall force balance on a particle to be: 
   ̃
  
  
    [   2  (    )  
3   
4   
  (     )] Eqn. 2.64 
This equation has no analytical solution in this non-linear form, therefore the selection of 
different equations for the total force of a dynamic pendular bridge may yield a solution that 
encompasses both the viscous and capillary force.  Currently, lubrication theory is applied to 
the above equation and the capillary forces are neglected as the viscous forces are thought to 
be dominant [Adams and Edmondson, 1987]. Tardos et al. [1997] simplified the force 
balance on the particle by just using the sum of the capillary force and the viscous force to 
yield: 
   ̃
  
  
    [   2  (    )  
3   
4   
] Eqn. 2.65 
Assuming the Laplace Young pressure deficiency due to curvature of the free liquid surface 
can be determined, this equation could be used for further analysis involving capillary 
forces.  The O in equation 2.64 implies a value of zero but due to the dynamic forces 
involved it is difficult to say if this assumption is correct.  The size of this term will be 
assessed to see if this assumption is valid. 
To assess the impact of capillary forces in the granulation using the TSG, both the viscous 
force and capillary force have been calculated and plotted for various values of  ̃ in the 
following section. 
2.6.2.2. Viscous forces 
The viscous force of the liquid bridge has been calculated using equation 2.66 [Ennis et al., 
1991]: 
      
3   ̃ 
   
 Eqn. 2.66 
2.6.2.3. Capillary forces 
The capillary force has been calculated using equation 2.67 [Israelachvili, 1994]: 
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4   ̃
2
      Eqn. 2.67 
Here γ for water has been taken as 0.072 N m-1 and the contact angle θ has been set to zero, 
assuming perfect wetting.   
2.6.2.4. Comparison of viscous and capillary forces 
Using the same data as that will be used during the Stokes assessment of the process data 
(section 5).  Figure 2.21 shows the corresponding capillary and viscous forces. 
 
Figure 2.21 - Capillary vs. viscous force components in liquid bridge between two particles 
Here the viscosity of the film is set to 0.001 Pa s (water only) and 0.01 Pa s (15 % PVP in 
water).  Note that the viscous forces are strongly dependent upon the viscosity of the liquid 
film, and that in lower viscosity systems the capillary forces may be the dominant force in 
the system.  However, the following factors will affect the formation and strength of these 
capillary forces: 
 As capillary forces are equilibrium based, the time for the bridges to reach 
equilibrium may be long, especially with viscous binders. 
 High shear rates will reduce the time available for the capillary forces to reach 
equilibrium. 
 A contact angle of zero has been selected and it is highly unlikely that this will be 
achieved in a practical system. 
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2.7. Engineering technology 
2.7.1. Introduction 
This section will review the current state of the art regarding the available technologies for 
granulation of powders and any consequences of the technology for downstream processes 
e.g. drying or tableting.   
2.7.2. Granulation processes 
2.7.2.1. Introduction 
In this section the different types of granulation processes used in industry will be reviewed.  
In general, granulation methods can be split into eight topics.  The merits of each type, as 
well as examples of specific processes and the industries in which they are employed have 
been summarised by Perry and Green [1997], see Table 2.5: 
Table 2.5 - enlargement methods and application after Perry and Green [1997] 
Method 
Product Size 
(mm) 
Granule 
Density Scale of operation 
Additional 
comments 
Typical application 
Tumbling granulators 
    Drums 
    Discs 
0.5 to 20 Moderate 0.5 – 800 ton/hr Very spherical 
granules 
Fertilisers, iron ore, non-
ferrous ore, agricultural 
chemicals 
Mixer granulators 
    Continuous high shear 
        (e.g. Shugi mixer) 
    Batch high shear 
        (e.g. paddle mixer) 
 
0.1 to 2 
 
0.1 to 2 
 
Low to high 
 
High 
 
Up to 50 ton/hr 
 
Up to 500 kg/batch 
Handles very 
cohesive materials 
well, both batch and 
continuous 
Chemicals, detergents, 
clays, carbon black, 
pharmaceuticals, 
ceramics. 
Fluidised Granulators 
    Fluidised beds 
    Spouted beds 
    Wurster coaters 
0.1 to 2 
Low 
(agglomerated) 
Moderate 
(layered) 
100-900kg batch 
50 ton/hr continuous 
Flexible, relatively 
easy to scale, 
difficult for cohesive 
powders, good for 
coating applications 
Continuous:  fertilisers, 
inorganic salts, 
detergents. 
Batch:  Pharmaceuticals, 
agricultural chemicals, 
nuclear waste 
Centrifugal Granulators 0.3 to 3 
Moderate to 
high 
Up to 200kg batch 
Powder layering and 
coating operation 
Pharmaceutics, 
agricultural chemicals 
Spray methods 
    Spray drying 
 
     Prilling 
 
0.05 to 0.5 
 
0.7 to 2 
 
Low 
 
Moderate 
 
Morphology of 
spray dried powders 
can vary widely 
 
Instant foods, dyes, 
detergents, ceramics 
Urea, ammonium nitrate 
Pressure compaction 
    Extrusion 
    Roll press 
    Tablet press 
    Moulding press 
    Pellet mill 
 
>0.5 
>1 
10 
High to very 
high 
 
Up to 5 ton/hr 
Up to 50 ton/hr 
Up to 1 ton/hr 
Very narrow size 
distributions, very 
sensitive to powder 
flow and mechanical 
properties 
Pharmaceuticals, 
catalysts, inorganic 
chemicals, organic 
chemicals, plastic 
performs, metal parts, 
ceramics, clays, 
minerals, animal feeds 
Thermal processes 
    Sintering 
2 to 50 
High to very 
high 
Up to 100 ton/hr Strongest bonding 
Ferrous and non-ferrous 
ores, cement clinker, 
minerals, ceramics 
Liquid systems 
    Immiscible wetting 
        In mixers 
    Sol-gel processes 
 
    Pellet flocculation 
 
<0.3 
 
Low 
 
Up to 10 ton/hr 
Wet processing 
based on 
flocculation 
properties of 
particulate feed 
Coal fines, soot and oil 
removal for water. 
Metal dicarbide, silica 
hydrogels 
Waste sludge’s and 
slurries 
The rigorous classification of granulator equipment by Perry and Green does not include 
mention of the twin screw granulator, presumably because it is a relatively new concept in 
granulation.  The following sub-sections will present the key details of each type of 
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granulator as identified by Perry and Green [1995].  A final sub-section will focus on the 
attributes of twin screw granulator technology which is the main area of interest in this 
work.  
2.7.2.2. Tumbling granulators 
There are two main types of tumbling granulators; disc- and drum granulators.  Both types 
are widely used in the iron ore and fertiliser industry as they can deal with continuous flow 
and high throughput of materials. In a tumbling granulator, particles are set in motion by a 
tumbling action caused by the balance between gravitational and centrifugal forces.  
Tumbling granulators usually produce granules in the size range of 1-20 mm [Perry and 
Green 1997]. 
Disk granulators consist of a rotating, tilted disk or pan with a rim.  Solids and wetting 
agents are continuously added, with the binder usually added by means of spray nozzles.  
The most important control factor in a disk granulator is the speed of rotation.  This is 
described using the critical speed (i.e. the speed at which a single particle is held stationary 
on the rim of the disk due to centrifugal forces).  The critical speed can be calculated using 
equation 2.68:  
    √
      
2    
 Eqn. 2.68 
Here NC is the critical speed, g is the acceleration due to gravity, ∅d is the angle of 
inclination of the disk to the horizontal and dd is the diameter of the disk.  Typically disk 
granulators run at 50-75% of the critical speed, with a 45-55
o
 angle of inclination [Perry and 
Green, 1997]. 
Other parameters affecting the product characteristics are the hold-up and granule residence 
time.  Operating parameters affecting these include the angle of inclination, rotation speed 
and the moisture content of the mixture. 
The feed particles and the smaller agglomerates are able to percolate down to the bottom of 
the disc where they are subsequently carried to the highest point of the disc and roll 
downwards in a continuous stream.  The larger agglomerates remain closer to the top of the 
bed.  In continuous operation, this natural size classification leads to a small size distribution 
in the output material, meaning further sieving/milling is usually not required with a disc 
granulator. 
Drum granulators consist of a cylinder inclined to the horizontal (0-10%) to induce flow 
down the granulator [Perry and Green, 1997].  Drum granulators are sometimes fitted with 
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‘retaining’ and ‘dam’ rings that stop the backflow of material and control the height of the 
bed mixture respectively.  A similar mechanism to the disc granulator occurs in the drum 
granulator, but there is not the same natural size classification in this type of unit, and so 
extra milling/recycling of fines is usually required with a drum granulator.  The critical 
speed described in equation 2.68 is also used with the drum granulator, but the units are 
usually run at 30-50% of NC [Perry and Green, 1997]. 
Further details on tumbling granulators, including fundamentals, growth kinetics, bridging 
liquid requirements and equipment design are given by Capes [1980].  These types of 
agglomerators do not usually lend themselves to relatively small scales, and sanitary 
production due to the open drums/disks.  Also, although the product size distribution can be 
fairly narrow, the particles produced are usually quite large and therefore tumbling 
granulators are not common in the pharmaceutical industry. 
2.7.2.3. Mixer agglomeration 
Most solid-liquid mixers are capable of forming agglomerates, and some of the mixers 
commonly used intentionally for this purpose are:  horizontal pans, plug mills/paddle mills, 
high speed shear mixers, falling curtain agglomerators and continuous flow mixing systems.  
Mixer agglomeration can be split into two groupings [Capes, 1980]: 
1. Those designed to produce capillary-state dense agglomerates, similar to tumbling 
granulation. 
2. Those that moisten the powder to a much lesser extent then group 1, producing 
relatively weak powder clusters. 
Horizontal Pans consist of a rotating pan with internal blades the rotate in the opposite 
direction.  This creates a constant state of agitation within the powder bed and once the 
binding/wetting agent is introduced, agglomerates are formed. 
Pan mills, which are sometimes known as blungers, pug mills and paddle mills consist of a 
horizontal trough comprising a mixing shaft, to which mixing blades of various designs are 
attached.  The units can comprise single or twin shafts, although the latter is preferred in 
modern designs.  The two shafts rotate in opposite directions, throwing material forward and 
into the centre of the mill.  Both horizontal and pug mills have been replaced in the most by 
tumbling granulators although they are still used for the blending or pre-mixing of some 
materials. 
High speed shaft mixers provide a more intensive mixing as the shaft and mixing blades 
rotate at a much higher velocity.  The paddles are replaced with pins on the shaft.  The units 
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can be either horizontal or vertical and have the advantage of being able to deal with 
extremely fine material which can be highly aerated when dry or have plastic characteristics 
when wet.  Typical speeds for the shaft range from 200-3500 rpm [Perry and Green, 1997].   
The high speed shaft mixers rely on the high speed mechanical agitation to ensure 
continuous mixing of the powder and liquid thereby ensuring instant agglomeration.  
Advantages of these systems are that there is a very short residence time within the 
granulator and so product hold-up is minimal.  Figure 2.22 shows an example of a 
continuous vertical high shear granulator: 
 
Figure 2.22 - The Schugi Flexomix (r) vertical high shear continuous granulator 
http://www.hosokawa.co.uk/flexomix.php 
Batch high shear mixers consist of a rotating plough shaped mixer rotating at relatively low 
velocities (60 to 800 rpm), in conjunction with cutters/choppers rotating at high speeds (500-
3500 rpm) [Perry and Green, 1997].  The cutters/choppers are designed to limit the granule 
size.  Figure 2.23 shows a schematic of a high shear batch mixer granulator. 
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Figure 2.23 - High speed mixer/granulator after Aulton, [2001] 
Saleh et al. [2005] used a horizontal laboratory scale batch granulator (Lödige) to assess the 
effects of physical properties, chemical properties and operating conditions (e.g. rotational 
speed of impeller, nature of liquid binder, solids hold up ratio, particle size distribution, 
binder liquid flow rate and type of chopper).  This study concludes that there are three 
different granulation regimes after the initial nucleation period 
Regime I No creation of new agglomerate species (i.e. a balance between attrition that 
creates fines and fines-consuming growth mechanisms) 
Regime II Granules grow by random layering of fines on to the surface of other species. 
Regime III When fines are exhausted, the granulation mechanism is due to coalescence 
of small and coarse granules. 
Saleh et al. [2005] concluded that the granulation process generally proceeds through these 
three regions independent of the nature of the powder, binder liquid or operating conditions, 
but that the position of the transition regions is strongly dependent on the properties of the 
system and the materials being used. 
Verkoeijen et al. [2002] used volume-based population balance models (PBM’s) to assess a 
number of particulate operations, including granulation.  This was expanded upon by 
Dardius et al. [2005, 2006].  In these studies, a volume based PBM based on the model by 
Verkoeijen et al. [2002] was further developed to apply to wet granulation of 
pharmaceutically relevant materials.  In this model a number of different factors can be 
accounted for, including particle volume distribution, liquid saturation, liquid to solid ratio 
and porosity. 
Biggs et al. [2003] used multiple one-dimensional population balance equations to 
demonstrate that this approach can be used to predict reasonably the results of high shear 
granulation experiments of a binary powder mixture.  This allowed granulation rates to be 
defined by two key parameters; critical binder volume and the aggregation rate constant.  
This model does not however allow for the effects of process conditions and material 
properties on the model parameters. 
Gantt and Gatzke. [2005] took a different approach to modelling high shear granulation and 
used a discrete element simulation approach.  In this model three granulation modification 
mechanisms are used; coalescence, consolidation and breakage, with two types of 
coalescence modelled, type I and type II.  This study showed that the use of a discrete 
Literature review  University of Surrey 
James Holman   Page 75 of 228 
element simulation model yields similar results to that of a PBM model, but allows that 
physics of the granulation system to be altered more easily. 
2.7.2.4. Fluidised granulators 
A fluid bed granulator operates by passing a flow of air through the powder bed.  The drag 
forces exerted by the gas are sufficient to support the weight of the bed, see figure 2.24.  
Other gases can be used, such as nitrogen to avoid flammable atmospheres or explosion 
hazards due to dust.  The powder does not need to be pre-mixed as the fluidisation of the bed 
will often do this.  Binding fluid is introduced to the system by means of a spray nozzle, 
causing the dry particles to become ‘tacky’ and agglomeration occurs as a result of particle-
particle collision. 
 
Figure 2.24 - Schematic of a batch fluidised bed granulator after Aulton, [2001] 
The air can be heated before entering the system so that the granules are dried all within the 
same system. 
Table 2.6 lists some of the various advantages and disadvantages of fluidised bed 
granulators that have been compiled from the various literature sources considered above. 
Table 2.6 - Advantage and disadvantages of fluid bed systems 
Advantages Disadvantages 
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 High heat and mass transfer rates 
 Intensive solids mixing 
 Ease of control of bed temperature 
 Simultaneous drying and granulation 
 Once optimised, the process can be 
automised 
 High operating costs with respect to air handling 
and duct containment 
 Defluidisation due to uncontrolled growth 
 High running costs and attrition rates 
 High initial expense 
 Required extensive development work when 
compared to other granulation techniques 
 Numerous apparatus, process and product 
parameters to balance. 
Fluidised bed granulation can either be batch or continuous.  Figure 2.23 shows a typical 
batch set up whilst figure 2.25 shows a typical continuous process. 
 
Figure 2.25 - Fluidised bed granulator after Boerefijin and Hounslow, [2005] 
Table 2.7 shows the effect on fluidised bed granulation of the change in various feed 
properties and operating conditions [Ennis and Litster, 1996]: 
Table 2.7 - Effect of control parameters of granule properties 
Operating and material variable Effect of increasing variable 
 Liquid feed or spray rate Increase size and spread of granule size distribution 
Increase granule density and strength 
Increase chance of defluidisation due to quenching 
 Liquid droplet size Increase size and spread of granule size distribution 
 Gas velocity Increase attrition and elutriation rate (major effect) 
Decrease coalescence for inertial growth 
No effect on coalescence for non-inertial growth 
Increase granule density and strength 
 Bed height Increase granule density and strength 
 Bed Temperature Decrease granule density and strength 
 Binder viscosity Increase coalescence for inertial growth 
No effect on coalescence for non-inertial growth 
Decrease granule density 
 Particle or granule size Decrease chance of coalescence 
Increased required gas velocity to maintain fluidisation 
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There are a large number of studies and models that relate to fluidised bed granulators.  
Kristensen and Schaeffer [1987] and Banks and Aulton [1991] both published works 
outlining granulation using fluidised bed granulators.  Boerefijin and Hounslow [2005] 
published a review paper studying fluidised bed granulation from and industrial R&D 
perspective.  The study gives brief summaries of population balance models, effects of melt 
binder properties, non-ideal powder properties and scale up and transition from batch to 
continuous processing. 
 
2.7.2.5. Centrifugal granulators 
In centrifugal granulators a horizontal disk rotates at high speeds and the centrifugal forces 
exerted on the particles cause the powder on the disk to form a rotating ‘rope’ of particles at 
the wall of the granulator.  As with fluidised bed granulators heated gas can be introduced 
into the system to allow for simultaneous granulation and drying. 
Centrifugal granulators tend to produce denser granules or powder layers than fluidised beds 
and yield more spherical particles compared to mixer granulators [Perry and Green, 1997].  
A typical design of centrifugal granulator is shown in figure 2.26. 
 
Figure 2.26 - Freund Granulator after Aulton, 2001 
2.7.2.6. Spray methods 
Types of spray methods for granulation include spray drying and prilling towers.  The 
systems work in a similar fashion to fluidised beds except that the feed solids are in a liquid 
state (i.e. solution, gel, paste, emulsion, slurry or melt).  The solid-liquid mixture is 
dispersed as droplets in the gas and converted into granules by drying, involving 
simultaneous heat and mass transfer. 
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Granulation by spray drying granules is strongly influenced by the following properties 
[Perry and Green, 1997]: 
• Atomiser operating conditions (i.e. orifice size, rate of addition, nozzle velocity) 
• Solids content 
• Liquid viscosity 
• Liquid density 
This method of granulation is only economically justified when suitable granules cannot be 
formed by any other technique as running costs of spray methods are very high and the 
equipment design is strongly dependent on the material properties and does not lend itself to 
multiple products. 
2.7.2.7. Pressure compaction 
Agglomeration can occur when a large force is applied to a particulate system in a confined 
space.  Pressure compaction relies on the effective transfer of the applied force to the 
materials and its ability to form and maintain inter-particle bonds during compaction. 
Pressure compaction can be defined into two categories [Perry and Green, 1997]: 
 Extrusion processes – such as pellet mills, screw extruders.  In these processes 
material undergoes considerable shear and mixing as it is consolidated whilst being 
pressed though a die. 
 Confined Pressure devices – such as moulding, piston, tabletting and roll press.  In 
these processes the material is directly consolidated in close moulds or between two 
solid surfaces. 
Extrusion:  Extrusion produced rod shaped tablets of material of uniform diameter from the 
wet granule mass.  The wet powder mix is subject to high pressures to form a paste and is 
then forced through dies to shape the rods.  These break at similar lengths due to the weight 
of the protruding rod and are then further processed to form the required granules. 
There are a number of different designs of extruder used in a variety of industries, but they 
can be generally split into three categories; screw-fed extruders, gravity-fed extruders and 
piston-fed extruders.  Both screw and gravity fed extruders are used for production whilst 
ram extruders are usually reserved for experimental development work as instrumentation is 
easily fitted to allow monitoring of the process.  Figure 2.27 shows various types of 
production screw-fed and gravity-fed extruders [Aulton, 2001] 
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Figure 2.27 - Representation of production extruders after Aulton, [2001] 
The primary extrusion process variables are: 
 Feed rate of the wet mass 
 Diameter of the die 
 Length of the die 
 Liquid binder content of the mass 
The characteristics of the resulting rods are strongly dependent on the plasticity and 
cohesiveness of the wet powder, and in general the liquid content in extrusion processes in 
high than in conventional granulation system [Aulton, 2001]. 
A number of pre and post condition steps are usually required for extrusion processes, 
including dry mixing of ingredients, wet massing, wet sieving of milling, and spheronisation 
of the rods to produce round spheres or granules. 
Roller compaction (see Figure 2.28 for types of roller compactors) is used to produce 
briquettes of material.  The dry powder mixture is fed either by gravity or a screw feeder 
between two smooth metal cylinders rotating face to face.  The feed is compacted to the 
desired thickness and exits the rollers as either a continuous or discontinuous sheet, which is 
further processed by milling to produce the correct granule size.  The product is screened 
and any fines are recycled into the system for re-processing.  Advantages of this technique is 
that there is no liquid binding agent so a drying stage is not required after, making it suitable 
for liquid sensitive systems.  A major disadvantage of the system is the level of fines 
produced by the milling stage. 
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Figure 2.28 - Roller compaction: (a) Alexanderwerk and (b) Hutt types after Aulton, 2001 
Piston and moulding presses involve pressing a mixture of particles into a two part mould 
and the action of the high pressure and heat generated by friction forces causes the powder 
to flow into the mould.  Piston and moulding is usually reserved for the plastics and powder 
metallurgy industries as it can be used to form identical and uniformed compacts of various 
sizes.  The compacts do not usually require further processing. 
Tabletting presses are widely used across a range of industries to form compacts, but usually 
a granulation step is required before this step to improve the properties of the input material 
such as flowability, porosity, dispersion of components etc as all these factors affect the 
final tablet quality.  “Slugging” is the process of producing tablets (or “slugs”) using a 
tabletting machine and then milling the compacts to get the required granule size.  As with 
roller compaction, fines from the system can be re-processed. 
2.7.2.8. Thermal processes 
Thermal processing can either be run in conjunction with other system or as a separate 
granulation technique.  Agglomeration occurs through one or more of the following 
mechanisms [Perry and Green, 1997]: 
• Drying of a concentrated slurry or wet mass of fines 
• Fusion 
• High-temperature chemical reaction 
• Solidification and/or crystallisation of a melt or concentrated slurry during 
cooling. 
Melt granulation is a term used for the addition of a solid binder that is then heated to melt 
the binder.  The process is similar to wet granulation as the solid binder is converted to 
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liquid by either heat or pressure, and the melt binder acts like a liquid binder.  The melt is 
then cooled to promote solidification of the binder, rather than dried as with wet granulation 
systems.  Advantages of the melt granulation are that an extra drying stage is not required, 
thereby saving on further handling and processing.  The disadvantages however are that this 
technique is not suitable for temperature sensitive materials. 
Drying and solidification systems are used to remove liquid for the products of wet 
granulation systems such as extrusion and high shear mixers.  Drying can also be 
incorporated into other systems such as fluidised bed granulation and centrifugal 
granulators. 
2.7.2.9. Liquid systems 
Liquid systems relate to the creation of permanent suspensions of agglomerates in liquids.  
The main method is known as the immiscible liquid process, in which an immiscible liquid 
is added to a second liquid containing suspended particles.  The immiscible liquid has a high 
affinity to bind with the solid, causing the particles to transfer into the added liquid and 
gather in agglomerates.  The main use of this system is the recovery of coal fines from water 
by the addition of oil, [Perry and Green, 1997].  It is not relevant to the current issue of 
granulation prior to tabletting, due to the different chemical composition of the various 
primary particles that are likely to be present.  It will therefore not be discussed further. 
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2.8. Batch vs. continuous and the regulatory approach 
2.8.1. Batch vs. continuous 
Current manufacturing in the pharmaceutical industry is dominated by batch production 
methods, even to the point where continuous process that are used, such as compression, are 
operated as batch processes to stay in line with the rest of the manufacturing ethos.  Also, 
this batch processing has been reinforced by the approach of regulatory bodies towards 
production, as well as the need to get products to market as quickly as possible.  This need 
arises from the mindset within the industry that products can only be produced on batch 
processes if they are to comply with regulatory quality requirements, as well as the internal 
approaches of the quality divisions.  Reasons for the batch mindset are summarised below: 
 Tradition – Batch processing has been successfully employed for decades within the 
pharmaceutical industry and a wealth of knowledge of batch processing has been 
established.   
 Batch processing has been reinforced by the approach of regulatory bodies towards 
production, as well as the need to get products to market as quickly as possible.  This 
need arises from the mindset within the industry that products can only be produced 
on batch processes if they are to comply with regulatory quality requirements, as 
well as the internal approaches of the quality divisions. 
 Batch processing is also a very effective way of segregating lots within 
manufacturing campaigns.  This has been considered the easiest way to comply with 
regulations and to minimise production of off-specification material. 
 Pharmaceutical processes routinely deal with small volumes of materials, unlike 
other continuous industries such as Oil and Gas.  This tends to lead to batch 
processing as it is easiest method to develop for the small volumes needed. 
 Finally, most pharmaceutical processes are developed from laboratory scale batch 
reactions, thereby leading to production scale processes in the same mode.   
In other industries, lower profit margins and more emphasis on processing efficiency has led 
to processes being continuous.  Not only does continuous processing equipment take up 
significantly less space, processes can run 24/7 unlike in batch processes where considerable 
time is lost changing between batches.  
However, the FDA (Food and Drugs Administration) requires significant understanding of a 
product and the process by which it is manufactured.  Continuous processing provides 
higher levels of understanding of the process fundamentals, and also allows better 
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monitoring of the process during production.  It also allows the process to be developed 
more readily from the laboratory scale to the process scale using PAT (Process Analytical 
Technology) [FDA Guidance for Industry, PAT, 2004]. 
2.8.2. The regulatory hurdle 
The approach in both the business and regulatory environments is changing.  Guidelines 
issued by the regulatory bodies of Europe, America and Japan are recognising that 
continuous processing will be a key manufacturing method in future pharmaceutical 
processes.  It allows for a greater degree of process control and observability, whilst having 
the ability to implement Process Analytical Technology (PAT) directly into the 
manufacturing processes.  Also, businesses are realising that continuous processing can aid 
development, cut the time to market and provide a more rigorous regulatory approach.  ICH 
Q8 is a set of guidelines on behalf of the regulatory bodies of Europe, America and Japan 
that outlines the needs for pharmaceutical development. 
The purpose of ICH Q8 is to provide a platform where knowledge of the product and the 
process gained during development can be defined and used to back up manufacturing 
techniques.  The process registration should provide “a comprehensive understanding of the 
product and its manufacturing process” [ICH Q8 (R2), Step 4 version Aug 2010]. 
The document outlines pharmaceutical development steps and its purpose is to design 
quality into a product.  It is clearly stated, and rightly so, that quality cannot be tested into a 
product, instead quality should be present due to the design of the product and process and 
testing is merely a method to confirm this. 
A critical aspect of the approach is the ability to define a design space – a multi dimensional 
combination and interaction of input variables and process parameters that have been proven 
to yield a quality product.  An example design space is shown in figure 2.29 [ICH Q8 (R2), 
Step 4 version Aug 2010]: 
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Figure 2.29 - Example for ICH Q8 of the illustration of design spaces for product manufacture gained 
through developmental understanding [after ICH Q8 (R2), Step 4 version Aug 2010] 
It is critical in pharmaceutical development to be able to define this space with confidence as 
this allows for a greater degree of freedom in production whilst still ensuring quality to the 
patient.  Methods employed to investigate and quantify the process design space include, but 
are not limited to, design of experiments.  This involves running a set of pre-defined 
experimental runs that will yield data to enable a statistical analysis of the interactions of the 
defined parameters. This will then outline what the critical process parameters (CPP’s) are 
and how they affect the drug product critical quality attributes (CQA’s). 
In the recent AAPS 2011 keynote Janet Woodcock, director for the Centre for Drug 
Evaluation and Research (CDER) is quoted as saying:  “In the next 25 years pharma will 
shift from batch to continuous manufacturing and make current production methods 
“obsolete”. 
Despite the promise of continuous manufacturing batch is still dominant. However, in the 
next quarter of a century the US Food and Drug Administration (FDA) expects gradual 
evolution to turn into revolution.  “Right now manufacturing experts from the 1950s would 
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easily recognise processes today. In 25 years these same processes will be obsolete”.  
Adoption of continuous manufacturing will cause this change. Woodcock said the shift away 
from batch will “really change how things are done” and make production less polluting, 
more flexible and local.  
2.8.3. Business markers 
Also, the need to reduce the time to market and cost of processes has led to pharmaceutical 
companies investigating continuous processes as the restrictions of batch processes are 
understood [Vervaet and Remon, 2005]: 
 Batch sizes from batch processes are limited by the capacity of the equipment, unlike 
continuous process. Only significant capital investment in larger reactors or multiple 
systems will increase the capacity of batch processes.  Continuous granulators 
however are only limited by the time they are run for.  Increasing a batch size is 
simply a matter of increasing production time. 
 Scale-up from lab scale to production scale batch granulators required a range of 
granulators, another significant capital investment.  Continuous granulation process 
can be developed and manufactured on similar scale units, thereby negating the need 
for multiple scale-up units, at least for the low production volumes handles by the 
pharmaceutical industry. 
Continuous processes are also significantly more effective in terms of the equipment used 
during manufacture.  The Overall Equipment Effectiveness (OEE), which shows the 
percentage of time equipment is making product, is increased from an average of 30 % for 
batch processes to over 74% for continuous processes [Vervaet and Remon, 2005]. 
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2.9. Twin screw extruders 
2.9.1. Introduction 
Twin screw extruders (TSE’s) are used widely in food preparation and polymer production.  
Pharmaceutical twin screw extruders have been adapted from these industries for use in 
granulation processes.  Conventionally, extruders exert high stresses on the contents of the 
extruder in order to deform the contents plastically.  However when used as a granulator, an 
extruder exerts very low stresses on the contents, merely serving as a device to disperse a 
binder material within the powder, and to bring the primary particles into contact for 
sufficient time that they bind together with minimal breakage of the resulting agglomerates.   
2.9.2. Twin Screw Granulation (TSG) processes 
Thiele [2003] briefly summarised the available types of twin screw extruder; see Table 2.8 
Table 2.8 - Types of Twin Screw devices available 
Generic type and origin Sample builders 
Counter-rotating, intermeshing  
Slow speed Profile heritage Cincinnati-Malacron, Krauss-Maffei, 
etc. 
High speed Compounding heritage Leistritz 
Counter-rotating, non-intermeshing 
(tangential) 
 
High speed Compounding heritage Welding Engineering, JSW 
Co-rotating, intermeshing  
Slow speed Profile heritage L. P (Columbo). Windsor 
High speed Compounding heritage Werner & Pfleiderer, Listritz, etc. 
Independent of the type, a number of basic intrinsic properties of TSE’s are summarised 
below [Thiele, 2003]: 
Sanitary processing:  Designs can ensure that material is constantly moved from the machine 
surface avoiding the accumulation of stagnant material.  Furthermore, the device is enclosed, 
minimising contamination. 
Continuous processing:  Production runs can continue uninterrupted until completion. 
Small inventory:  The volume for granulation is comparatively small compared to other 
granulation technologies.  The short and local distances between particles promote accurate 
and uniform distribution of components within the system.  Also, the heat transfer area is 
much greater in a TSE when compared to a high shear mixer, allowing for greater accuracy 
of critical temperature control. 
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Longitudinal:  The barrel and screw configuration can be sequenced to include many of the 
required steps in granulation and further processing. 
Screw interaction:  Both distributive and dispersive mixing may be enhanced by the apex 
region, where the two screws come together, leading to a reduction in the risk of producing 
sub-zones of mixing within the processes. 
Unlike extrusion processes, in a twin screw granulation process the barrel is operated at low 
pressures and a fill ratio of less than 100%.   
2.9.3. Current Research 
Granulation studies using twin screw extruders have mainly been limited to experimental 
studies of the process and the effects of certain parameters, with little theory being covered 
with respect to twin screw granulation. 
Goodhart et al. [1973] first reported on the design and use of a single screw laboratory 
extruder for pharmaceutical granules.  The purpose of this study was to evaluate various 
factors (such as type of granulating fluid, type of end plate, number of mixing anvils and 
screw speed) relating to the equipment for the production of both wet and hot fusion 
granules. 
Lindberg et al. [1987, 1988] first reported on the possible use of a twin screw extruder for 
the granulation of paracetamol.  However, for the granules produced in these studies, no data 
were presented relating to the suitability of these granules for compaction.  Kleinebudde and 
Lindner [1993] also studied twin screw extrusion as a granulation method, but no data were 
presented relating to the granule quality.  The study did conclude however that the liquid 
binder addition rate was critical in the control of granule production. 
One of the features of TSE’s is the varying profile of the screw flights along the length of 
the screw.  A typical example of this is shown in figure 2.30.  Note that this creates a 
number of zones along the screw which enable transport and mixing of the components.   
 
Figure 2.30 - Schematic of the barrels inside a TSG that is used for wet granulation of pharmaceutical 
materials 
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This set up above is commonly used but enables a great deal of variability in the profile of 
the TSG.  The mixings zones consist of blocks that can be placed at varying degrees to one 
another.  This essentially changes the flight of the screw profile, therefore placing differing 
levels of forces on the particles depending upon the angle.   
Keleb et al. [2001, 2002, 2004a, 2004b, 2004c] reported on a number of experimental 
investigations using a twin screw extruder for granulation.  All the studies used various 
types of lactose as an excipient, with water and polyvinylpyrrolidone (PVP) as the binder.  
Keleb et al. [2001] assessed the twin screw extruder for the single stage 
granulation/tabletting of lactose using cold extrusion, and the tablets produced were then 
assessed for a variety of factors, including tablet porosity, friability, tensile strength, 
disintegration time and dissolution time.  The experimental facility was used to determine 
optimal water content for the system and to assess the repeatability of the process, as well as 
the impact of powder input rate and screw speed on the final product.  The report also 
compared the tablets produced by single stage granulation and tabletting, and with tablets 
made by direct compression of the un-granulated components.  The results given showed 
that although the single stage technique yielded tablets of a significantly higher porosity and 
pore size, the tensile strength of these tablets was not significantly impaired.  This is also 
noted by Bi et al., [1999] after the wet compression of α-lactose.  However, to produce 
tablets with a suitable tensile strength using the direct compression method, a compression 
force significantly higher than that used in industrial tablet production was required, [Keleb 
et al. 2001].  Keleb et al. [2001] assessed the impact of the inclusion of 10% 
Hydrocholorothiazide as a model drug with poor water solubility.  The inclusion of this had 
no effect on the process parameters or on the tablet properties. 
Keleb et al. [2002] studied the suitability of the twin screw extruders for the wet granulation 
of α-lactose and compared the results with granules produced from a high shear granulator.  
The study investigated the effects of process parameters (screw speed, total input rate) and 
the formulation variables (binder content, water content) on the granule quality and 
compared the results to high shear granulation.  The study concluded that the water content 
had a major effect on the yield from the granulator, but had little effect on the granule and 
tablet quality.  The addition of the binder (PVP) improved the quality of the granules and the 
tablets produced, but the addition was not essential to ensure granule production, unlike in 
the high shear process.  These results have not been confirmed using different materials so it 
is difficult to say if this would be common when comparing high shear and twin screw 
granulation for various materials.  Also, the granules produced by the twin screw extrusion 
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method required a separate wet sieving step to produce granules of the correct size before 
further processing. 
Keleb et al. [2004a] modified the experimental facility used in 2002 to try and eliminate the 
wet sieving stage by altering the screw configuration.  Changes in screw configuration had 
been shown to be important in determining the granule quality by Lindberg et al. [1987, 
1988].  Low agitation screw profiles produced higher yields and lower granule porosity than 
a medium agitation screw profile.  Also, it was shown by Lindberg [1988] that changes in 
the screw profile greatly affected the porosity of the granules.  A number of different 
equipment configurations were used in the study by Keleb et al. [2004a].  Firstly, a die block 
was attached to the end of the twin screw extruder by the discharge screw element, but 
granule production was not possible due to material build up and over pressuring of the 
equipment.  When this die block was removed and the discharge screw element replaced 
with a conveying screw element then yield was significantly increased (from 16% to 54%).  
This was attributed to the decrease in the pressure at the discharge end of the equipment 
resulting in less compaction of the final granules.  The results of this new set up were 
comparable with the previous study by Keleb et al. [2002] including a wet sieving step 
(60%) [Keleb et al., 2004a].  This equipment configuration was further optimised for the 
given material by altering the water content, binder concentration, screw speed, total input 
rate and capacity of the system.   
Keleb et al. [2004b] used the experimental facility from the study in 2002 to compare three 
different materials (lactose, paracetamol and cimetidine) granulated in a twin screw extruder 
with a high shear granulation technique.  As with previous work, it was discovered from the 
study that extrusion of all three materials was plausible in the twin screw granulator without 
the addition of PVP as a binder, but this was not the case in the high shear granulator where 
PVP was always required to produce granules.  The study reported improved characteristics 
in the tablets for all materials produced by the twin screw extrusion technique when 
compared to the high shear granulation technique. 
Keleb et al. [2004c] investigated the single stage granulation/tabletting reported by Keleb et 
al. [2001] for various grades of lactose and compared the results with those yielded by high 
shear granulation.  The study concluded that the grade of lactose (i.e. particle size, and 
phase) had a strong influence on the process performance, but yielded tablets of similar 
tensile strength.  The single stage granulation/tabletting process produced tablets of higher 
tensile strength and lower or equal disintegration times on all occasions when compared to 
high shear granulation techniques. 
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No literature on theoretical modelling of twin screw extruders as a granulation technique can 
be found, but Moysey and Thompson [2005] have published a paper outlining a model that 
predicts the solids inflow and solids conveying within a single screw extruder, with 
favourable results.  Whilst this is directed towards polymer extrusion, the modelling 
approach for the material feed may be relevant to the granulation process in a TSE. 
Malkebeke et al [2008] investigates the effect of screw elements on the wet granulation 
processes using a TSG.  The study also looks into the mixing efficiency of the machine 
using various tracers in the feed material. 
Djuric and Kleinebudde [2008] investigated the effects of various screw elements of twin 
screw granulation.  This empirical study varied the screw configuration and assessed the 
impact on the granule properties in terms of particle size distribution, granule porosity, 
granule friability and flowabilty.  The investigation concludes that the set-up of the TSG 
greatly affects the granule properties, in particular the porosity.  However the investigation 
yields no information on what mechanisms are changing in the TSG and why the changes 
affect the granules. 
Djuric et el [2009] investigated the difference in the product quality of granules made from 
two similar twin screw extruders.  The two devices were commercially available designs 
from two different companies and the study concluded that even the small differences in the 
design of the device caused substantial product quality differences and that when switching 
from one device to another serious consideration needs to be given to the impact of the 
different designs. 
Dhenge et al [2010, 2011] has more recently conducted further empirical studies using a 
twin screw device and model pharmaceutical formulations.  The papers focus on the effects 
of key operating parameters on the physical properties of the final granule, with the first 
study focusing upon the granule properties themselves whilst the second focused upon the 
effect of power through put rate in the TSG.  Neither paper attempted to apply the current 
theoretical understanding of wet granulation directly to a twin-screw granulation process. 
Vercruysse et al [2012] has conducted an in depth study of the operational parameters of the 
TSG detailing the response of the system and the effects this has on a specific API 
manufacturing process, Theophyllim.  The study showed that for this formulation, the 
continuous TSG process combined with continuous drying, milling, blending and 
compression can be used to adjust key CQA’s in the final tablet.  The paper focuses on the 
empirical relationships of the TSG and does not cover the theoretical mechanisms occurring 
in significant detail.  
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2.10. Summary 
In this section the following aspects of current literature have been reviewed to aid in the 
experimental work that will be undertaken using the twin screw granulator: 
Fundamentals of particle-particle interaction:  The interactions between particles have been 
reviewed and the most applicable mechanisms have been discussed.  Five groups of 
mechanisms exist that will be discussed further in section 5.2.1 and then applied to the twin 
screw granulator 
Mechanisms of wet granulation:  Wet granulation has been shown to go through different 
mechanisms during the agglomeration of particles – Wetting, nucleation, growth and 
coalescence, consolidation and then breakage and attrition.  Models predicting the growth of 
the granules during granulation have been reviewed and this information will be used to 
assess the development of mechansism within the TSG based not only on the literature but 
on the experimental work that will be conducted as part of this report. 
Models used to predict wet granulation:   Numerous models to predict wet granulation have 
been reviewed in this report.  A model has been selected for this study and reviewed in 
detail including an assessment of the model assumptions. 
Why Continuous?  A review of why continuous can play a major role in pharmaceutical 
production including a review of the regulatory and business requirements has been included 
in this section.  Continuous processing is now seen as the future of pharmaceutical 
production and the development is supported by regulatory bodies such as the FDA. 
Current work using TSG’s:  Finally, a review of the work conducted at the time of this study 
into twin screw granulation, along with any other applicable studies using the same 
technology in other industries (i.e. the use of extruders in polymer manufacture). 
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3. Experimental work 
3.1. Introduction 
Three distinct experimental programs were developed and implemented for this study to 
aid in the understanding of the TSG process: 
1. Placebo studies:  A blend of lactose monohydrate with other pharmaceutical 
excipients was used to assess the wet granulation process.  This section focuses on 
the wet granulation process only, although the impact of the granule drying method 
is also briefly assessed. 
2. API 1 Studies:  The results of the placebo studies were used to develop a second set 
of experimental studies using a real Active Pharmaceutical Ingredient (API) which 
is referred to in this report as API 1.  API 1 studies were conducted on a 
commercial TSG system that was combined with a novel continuous fluid bed 
drying system to produced granules. 
3. API 2 Studies: Following on from the API 1 trials the final section of experimental 
work focuses on a different API (API 2).  The process was extended to include a 
compressions stage.  The process turned the initial blend of dry powders into 
pharmaceutical tablets in a single combined process stream. 
 
3.2. Placebo granulation studies 
3.2.1. Outline 
This section outlines the initial experimental work conducted on the TSG.  Lactose 
monohydrate is a commonly used material in the manufacture of pharmaceutical products 
and is also used as a placebo material for trial work.  The lactose monohydrate was mixed 
with other pharmaceutical excipients prior to processing through a TSG. 
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3.2.2. Materials 
The raw materials used during the initial testing of the twin screw granulator are given in 
table 3.1: 
Table 3.1 - Raw materials used during initial TSG testing 
Material % in blend (w/w) 
Lactose Monohydrate (200 mesh) 80 
Avicel PH101 (Microcrystalline Cellulose) 10 
Pre-gelatinised Starch (native corn) 7 
PVP K30 3 
The raw materials were blended in a small laboratory blender for 15 minutes to ensure 
sufficient mixing of the different components.  The blending process was conducted in line 
with procedures from the supplier of the blender. 
3.2.3. Equipment 
The PFD in figure 3.1 shows the set up for the trials: 
Pre -
Blend
Powder
Water
Wet Granule Out
Peristaltic Pumps
 
Figure 3.1 - PFD of test set up for initial lactose testing 
The key parts of the test rig are: 
Loss in weight feeder:  A K’tron KT-20 gravimetric feeder was use to dispense the dry pre 
blend powder into the granulator feed port.  The loss in weight feeder was set at a nominal 
throughput of 25 kg hr
-1
 and had a variance in the feed rate over 60 s of ± 0.5%. 
Water addition system:  Two triple headed peristaltic pumps were used to inject the binder 
liquid directly into the granulator above each barrel.  0.8 mm bore tubing was used to join 
the liquid tanks to the TSG ports.  The pumps were set to run at constant speeds and then 
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calibrated so that the mass flow rate could be extrapolated.  For the pump curves used to 
generate mass flow rates see appendix 3.1. 
Granulator:  A TSG with barrels 25 mm in diameter was used during the studies with a 
length to barrel width ratio of 20:1.  The granulator barrels were capable of co-rotating at 
speeds of between 200 – 900 rpm.  The granulator had a jacket that could be either cooled 
or heated to a specific set point. 
Shaft configuration:  The TSG is capable of a large number of different configurations, and 
as such care needs to be taken to record the configuration for future studies.  The TSG has 
a length to barrel diameter of 20:1, and the barrel configuration always needs to add up to 
ensure the barrels shaft configuration equal this length. 
For the studies assessed in this report two types of screw designs were used: 
 Transport screws:  Transport screws are sections of pitched screws (1 complete 
rotation = 1 barrel diameter) that provide the forward momentum through the TSG device.  
Each section of transport screw is either 1 or 2 barrel diameters long. 
 Kneading blocks:  Kneading blocks are elliptical blocks that impart work into the 
granulation mass by creating voids between the two shafts that material is pushed through 
under shear.  In this study the individual kneading blocks are either    ⁄  or ¼ of the barrel 
diameter.  They can be positioned at 30
o
, 60
o
 or 90
o
 orientation to each other.  30
o
 
orientation gives better transport and lower work input than 60
o
 whilst 90
o
 gives maximum 
work input with no forward motion.  The selection of the number and orientation of the 
kneading zones is dependent on the materials that are being processed. 
The screw configuration will be defined using the 4 codes given in table 3.2 
Table 3.2 - Screw configuration key 
Code Description 
1T A pitched screw section with a length equivalent to 1 barrel 
diameter. 
2T A pitched screw section with a length equivalent to 2 barrel 
diameters. 
K1/4 A kneading block of 1/4 barrel width.  These can be set at different 
angles to the preceding block so the code 7-K1/4-60 describes 7 
blocks set up at a 60
o
 orientation to the preceding block. 
K1/6 A kneading block of 1/6 barrel width.  These can be set at different 
angles to the preceding block so the code 3-K1/6-90 describes 3 
blocks set up at a 90
o
 orientation to the preceding block. 
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For the initial Lactose studies the configuration (input to output of TSG) was fixed at: 
6x 2T, 7-K1/4-60, 2T 7-K1/4-60, 2T, 3-K1/6-90 
 
An example image of a barrel used during some initial testing of the TSG is given in figure 
3.2.  This shows a barrel consisting of transport screws at either end, with 7 kneading 
elements at an orientation of 30
o
 to each other in-between the two transport screw zones. 
 
Figure 3.2 - Image of example TSG barrels used during experimental work. 
 
3.2.4. Trial set up 
Granules produced by the TSG during these trials were collected and dried using two 
different methods: Tray drying and fluid bed drying.  The tray dried samples were 
collected in a thin layer on a flat aluminium tray and dried in an oven at 50 
o
C for a period 
of 2 hours.  The fluid bed samples were collected directly into the single cell laboratory 
fluid bed unit and dried at 60 
o
C for a set period of time.  Table 3.3 lists the runs conducted 
during the testing of the lactose blend: 
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Table 3.3 - Trial runs conducted during initial testing 
Sample 
number 
Liquid pump 
speed (rpm) 
Additional PVP 
in solution (%) 
Actual (g/min 
w/o PVP) 
Drying 
method 
1 38 0 22.1 Tray 
2 38 0 22.1 Fluidised Bed 
3 26 0 16.4 Tray 
4 26 0 16.4 Fluidised Bed 
5 50 0 27.6 Tray 
6 50 0 27.6 Fluidised Bed 
7 77* 20 16.5 Tray 
8 77* 20 16.5 Fluidised Bed 
9 69* 10 16.5 Tray 
10 69* 10 16.5 Fluidised Bed 
11 95.5* 10 22.1 Tray 
12 95.5* 10 22.1 Fluidised Bed 
13 50* 10 12.4 Tray 
14 50* 10 12.4 Fluidised Bed 
15 44* 0 12.6 Tray 
16 44* 0 12.6 Fluidised Bed 
* A wider bore tube to the granulator was required due to this viscosity of the PVP 
solution.   This was not changed over for the final water only run and the pump was 
calibrated separately to give the mass flow rate. 
For each run the dried samples were tested using the following methods: 
 LOD – Using a Mettler PC 220 loss in weight device the moisture content of the 
granules were measured before and after the drying process.  The LOD meter was 
set up to give a drying temperature of 105 
o
C and to stop drying when the rate of 
change of the LOD was less than 0.01% per second. 
 Particle size – Using pre-set sieves of decreasing sizes the mass fraction of granules 
retained was measured. The samples were placed on the top sieve of the stack and 
given 10 minutes on a vibratory sieve stack shaker to allow the granules to separate 
according to size. 
 Visual Assessment – The granules were visually inspected for the largest granule 
size (using optical microscopy).  A qualitative analysis of the granule strength was 
made based on the handling of the granules during testing. 
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During the trials the following information was collected on the performance of the 
granulator: 
 Granulation work input – The power draw on the motor was measured at the start 
and end of the test run and averaged to give a measure of the work input to the 
process. 
 Barrel outlet temperature – The temperature at the outlet of the granulator was 
measured at the start and end of the test run.  The barrel temperature control jacket 
was set to give a constant input temperature of 35 
o
C 
3.2.5. Lactose results 
The results of the granulator process parameter monitoring are given in table 3.4: 
Table 3.4 - Process performance during trials 
Sample Barrel Exit Temperature (
o
C) Power (kW) 
1+2 37.4 0.25 
3+4 36.8 0.19 
5+6 38.8 0.31 
7+8 44.0 0.58 
9+10 38.9 0.27 
11+12 43.4 0.43 
13+14 36.3 0.15 
15+16 36.3 0.15 
Table 3.5 shows the results for the moisture content testing of the granules using the LOD 
meter. 
Table 3.5 - Moisture content results from Lactose study samples 
Sample 
LOD before 
drying (%) 
LOD after –  
Tray dried (%) 
LOD after –  
Fluid Bed dried (%) 
1+2 14.0 2.5 2.6 
3+4 11.5 2 1.9 
5+6 16.2 2.6 2.4 
7+8 10.8 1.5 1.5 
9+10 11.5 1.6 1.4 
11+12 13.6 1.7 1.8 
13+14 9.3 1.2 1.0 
15+16 9.3 1.0 1.0 
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Table 3.6 shows the results of the particle size distribution testing. 
 
Table 3.6 - PSD results from Lactose studies 
Sample 
# 
Mass fraction retained on sieve 
Pan 90 μm 150 μm 250 μm 355 μm 500 μm 710 μm 1 mm 
1 0.0007 0.0024 0.0071 0.0125 0.0300 0.0598 0.0850 0.8011 
2 0.0020 0.0122 0.0244 0.0308 0.0517 0.0850 0.1241 0.6740 
3 0.0058 0.0272 0.0716 0.0786 0.1184 0.1430 0.1426 0.4125 
4 0.0227 0.1028 0.1570 0.1224 0.1534 0.1452 0.1180 0.1714 
5 0.0000 0.0010 0.0014 0.0007 0.0006 0.0003 0.0004 0.9919 
6 0.0030 0.0073 0.0073 0.0061 0.0087 0.0134 0.0212 0.9379 
7 0.0006 0.0021 0.0019 0.0012 0.0028 0.0126 0.0391 0.9413 
8 0.0044 0.0114 0.0144 0.0119 0.0188 0.0307 0.0477 0.8618 
9 0.0074 0.0253 0.0443 0.0408 0.0634 0.0923 0.1154 0.6091 
10 0.0083 0.0457 0.0986 0.0911 0.1199 0.1403 0.1369 0.3598 
11 0.0002 0.0010 0.0010 0.0005 0.0006 0.0005 0.0005 0.9939 
12 0.0030 0.0046 0.0017 0.0015 0.0032 0.0079 0.0187 0.9574 
13 0.0190 0.0637 0.1304 0.1303 0.1799 0.1734 0.1152 0.1845 
14 0.0497 0.1818 0.2060 0.1507 0.1629 0.1024 0.0571 0.0806 
15 0.0422 0.1314 0.1825 0.1436 0.1786 0.1506 0.0877 0.0783 
16 0.0938 0.2354 0.2083 0.1367 0.1432 0.0841 0.0451 0.0419 
 
Table 3.7 shows the results of the visual granule assessment conducted on the dried 
granules. 
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Table 3.7 - Dried granule visual assessment 
Sample 
# 
Particle 
size 
Amount 
of fines 
Max 
particle size 
Apparent strength 
1 
Wide 
range 
low to 
none 
> 5 mm 
No attrition on dropping.  Hard to break 
with finger pressure 
2 
Wide 
range 
low > 5 mm 
No attrition on dropping.  Hard to break 
with finger pressure 
3 
Wide 
>small 
medium 5 mm max 
Slight breakage on dropping.  Easily 
broken by hand 
4 
Wide 
>small 
high 3-5 mm max 
Slight breakage on dropping.  Easily 
broken by hand 
5 Large none > 7 mm 
No attrition on dropping.  Hard to break 
with finger pressure 
 
6 Large low > 7 mm 
No attrition on dropping.  Hard to break 
with finger pressure 
7 
Wide 
range 
low to 
none 
6 mm max 
No attrition on dropping.  Breaks into 
smaller granules under finger pressure 
8 
Wide 
range 
medium 6 mm max 
No attrition on dropping.  Breaks into 
smaller granules under finger pressure 
9 
Wide 
>small 
medium 
- high 
5 mm max 
Soft.  Easily broken into smaller granules 
by hand 
10 
Wide 
>small 
high - 
medium 
3 mm max 
Soft.  Easily broken into smaller granules 
by hand 
11 Large 
low to 
none 
10 mm max 
No attrition on dropping.  Breaks into 
smaller granules under finger pressure 
12 Large low 8 mm max 
No attrition on dropping.  Breaks into 
smaller granules under finger pressure 
13 Small high 3 mm max Fragile.  Easily broken by hand 
14 Small high 2 mm max Fragile.  Easily broken by hand 
15 Small high 2 mm max Fragile.  Easily broken by hand 
16 Small high 1-2 mm max Fragile.  Easily broken by hand 
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3.2.6. Analysis on results 
The results given in section 3.2.5 have been broken down into a number of different 
sections for the assessment of the performance of the TSG: 
 Effect of increasing water content on granulator performance whilst keeping PVP 
content fixed at 3.0% of the powder rate. 
 Effect of tray drying vs. fluid bed drying on the final PSD of the granules 
 Effect on increased PVP on the granule properties 
3.2.6.1. Increasing water content 
Four of the eight samples were collected with a fixed ratio of PVP to dry solids.  During 
these runs the liquid to solid ratio was adjusted to show the effect of increasing saturation 
values.  Figure 3.3 shows the granulator power consumption response to the increasing 
liquid ratio (measured from motor power draw, with accuracy of ±0.01 kW). 
 
Figure 3.3 - Power consumption vs. water addition rate for a fixed PVP concentration 
It is clear from figure 3.3 that extra work is required as the water ratio of the mix increases.  
From the work discussed in section 2.2.2.2, the increased water ratio will form larger and 
stronger liquid bridges between the particles as the liquid bridges more from pendular to 
capillary, therefore greater energy is required to both grow and break these bonds.  An 
increased particle size would be expected as the liquid ratio increases in the granulation 
mix.  
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Figure 3.4 shows the cumulative PSD testing for the fluid bed dried samples from the four 
runs plotted in figure 3.3 
 
Figure 3.4 - PSD results from fluid bed dried samples for fixed PVP content granules at increasing 
water addition rates 
Although the range of sieves used during the testing did not give a complete profile of the 
cumulative particle size distribution, figure 3.4 does prove that increasing the ratio of water 
to dry solids increases the average particle size.   At the lowest water ratio of 7.7 % water 
to dry powder input the cumulative percentage of particles under 1000 µm is 
approximately 95%.  This value falls as the liquid ratio increase to a minimum value of 
only 8% with a liquid addition ratio of 15.4%.  From the visual assessment data the 
particles appear to also have significant more strength at the higher liquid and work input 
rates – the granules produced at the highest water ratio proved difficult to break using 
finger pressure whilst the granules made at the lowest water ratio were dusty and broke up 
easily by hand. 
3.2.6.2. Effect of fluid bed vs. tray dried samples. 
To assess the effect of the different drying techniques, the data for the water addition ratio 
increase shown above is compared in figure 3.5 using the two different methods. 
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Figure 3.5 - Comparison of fluid bed dried samples to tray dried samples 
Figure 3.5 shows that although there is a significant difference in the two particle size 
distributions, the trend of increasing water ratio leading to increased mean particle size 
remains.  Also, it shows that fluid bed drying proved a greater degree of attrition during the 
drying process which would be expected given the required intensity of forces exerted on 
the granules to fluidise them compared to using a tray drying technique.  For the two 
lowest water ratios investigated the mean particle size (known as the d50) decreases on 
average by 43% when fluid bed drying is compared to tray drying. 
3.2.6.3. Effect of PVP concentrations on granulation performance and final product 
quality 
During the study the ratio of PVP to the other components in the dry powder was adjusted.  
To accomplish this, for some production runs a pre dissolved solution of PVP was used 
rather than a water only liquid binder.   
Assessing the results from tests 3+4, 7+8 and 9+10 in which the ratio of water compared to 
the powder was steady at 9.8% whilst the levels of PVP increased from 3.0% up to 5.6%.  
Figure 3.6 shows the torque response from the system to the increasing PVP levels. 
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Figure 3.6- Granulation power compared to PVP concentration 
Figure 3.6 clearly shows that the increased levels of PVP cause an increase in the required 
work.  The following points can be noted from the three trials: 
 As PVP level increase by 2.6% from 3.0% to 5.6% the work required to granulate 
increased by 205%. 
 The mass fraction of particles above 1000 µm increased from 41% at 3.0 % PVP 
content up to 94% at 5.6% PVP content. 
 Despite the increase in work required for granulation, the increase in particle size 
was not as noticeable as for the studies involving increasing moisture content.  The 
increase in work input can be attributed to the increase in viscosity of the binder 
and the extra work needed to spread the liquid under shear. 
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3.2.7. SEM imaging analysis  
3.2.7.1. Outline 
Scanning Electron Microscopy (SEM) [Hitachi S3200N] was used to produce two-
dimensional images of the input raw materials and the dried granules produced during the 
trials with lactose.  The following section will show the results of this testing and discuss 
its implications with respect to the mechanisms and processes taking place in the TSG. 
3.2.7.2. Method 
Dried samples of the materials to be imaged were spread in a single particle layer onto a 
small carbon pad.  The sample was then coated with a thin layer of gold, approximately 5 
nm in thickness.  This layer coupled with the conductive pad ensures that the particles did 
not charge during imaging.  Samples were then placed into the SEM and assessed at 20 eV 
to generate the images given in the following sections. 
3.2.8. Input dry blend components 
3.2.8.1. Lactose 
Lactose is a common excipient in granulation processes.  Lactose 200M was used and is 
shown in images 3.7 – 3.9 below at a number of magnifications: 
 
Figure 3.7- SEM image 1 of Lactose used during the trials (magnification scale of 600 µm) 
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Figure 3.8 – SEM Image 2 of Lactose used during the trials (magnification scale of 600 µm) 
 
Figure 3.9– SEM Image 3 of Lactose used during the trials (magnification scale of 200 µm) 
  
Experimental studies  University of Surrey 
James Holman   Page 106 of 228 
3.2.8.2. Polyvinylpyrrolidone (PVP) 
PVP is used in granulation to provide a binding medium within the granulation process.  
PVP is very soluble in water and produces a highly viscous solution that aids granulation 
by increasing the liquid bridge strength due to this viscosity increase.  Upon drying the 
PVP forms a solid bridge in place of the binding liquid.  Figures 3.10 and 3.11 show SEM 
images of the PVP used during the trials. 
 
Figure 3.10 – SEM Image 1 of PVP used during trials (magnification scale of 300 µm) 
 
Figure 3.11 – SEM Image of PVP used during the trials (magnification scale 100 µm) 
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3.2.8.3. Avicel PH101 
Avicel PH101 is a common excipient added to pharmaceutical wet granulation processes 
as it acts as a liquid buffer for the system.  The long cellulose structure unravels and 
lengthens as it swells and acts to buffer the system to sudden changes in water addition due 
to its fast absorption rate and helps in the formation of solid bridges.  Figures 3.12 and 3.13 
show SEM images of the Avicel PH101 used during the trials. 
 
Figure 3.12- SEM image 1 of Avicel used during the trials (magnification scale of 600 µm) 
 
Figure 3.13 - SEM image 2 of Avicel used during the trials (magnification scale 200 µm) 
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3.2.9. Granules from process 
3.2.9.1. Dried granule treatment 
The raw materials were blended as described in section 3.2.2 and granulated.  The dried 
granules were then sorted by size into two groups – less than 90 µm and then particles 
within the 90 – 250 µm.  Particles above 250 µm were excluded as these prove difficult to 
image using SEM due to charging issues. 
3.2.9.2. Particles below 90 µm 
The SEM images in figures 3.14-3.16 show the granules generated during testing that are 
below 90 µm. 
 
Figure 3.14 - SEM image 1 of granules produced during trials (magnification scale 1mm) 
 
Figure 3.15- SEM Image 2 of granules produced during trials (magnification scale 200 µm) 
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Figure 3.16 - SEM images 3 of granules produced during trials (magnification scale 90 µm) 
 
3.2.9.3. Particles between 90 and 250 µm 
The SEM images in figures 3.17-3.19 show the granules generated during testing that are 
between 90 - 250 µm. 
 
Figure 3.17 - SEM Image 4 of granules produced during the trials (magnification scale 600 µm) 
3 
2 
1 
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Figure 3.18 - SEM Image 5 of granules produced during the trials (magnification scale 200 µm) 
 
 
Figure 3.19 - SEM Image 6 of granules produced during the trials (magnification scale 200 µm) 
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3.2.10. Discussion 
 Using the SEM the input components of the granulation blend can be easily 
identifiable using the different shape characteristics:   
o Lactose:  Crystal shaped – large PSD range (from sub 1 mm up to 250 µm.)   
o PVP:  Round hollow spheres both complete and broken.  Max particle size 
of around 100 µm. 
o Avicel:  Long thread shaped particles up to 200 µm long. 
 Granules under 90 µm show a standard structure of 1 large primary particle 
surrounded by agglomerated smaller particles (primary agglomeration process). 
 Granules in the larger range show two structures, one similar to the sub 90 µm 
granules (one primary large particle surrounded by smaller particles, as shown in 
figure 3.17, particle 1 and 2) whilst other particles are the result of the 
agglomeration of numerous granules coming together (secondary agglomeration 
process, as shown in figure 3.17, particle 3) 
 Granules appear made up solely of lactose particles – PVP and avicel particles are 
not present in their original morphology – conclusion is that they fully dissolved 
and formed the solid bridges within the granule. 
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3.3. Assessment of the physical properties for API 1 
3.3.1. Outline 
The following section reports the next stage of experimental investigation undertaken on 
the TSG.  This work was conducted with an Active Pharmaceutical Ingredient (API) that 
was blended with common excipients prior to granulation using the continuous TSG.  The 
wet granules were then directly transferred into an segmented fluid bed dryer. 
3.3.2. Raw materials input 
The dry powder mix of ingredients used during the study of API 1 is given in table 3.8 
Table 3.8 - Raw materials used during API 1 experimental studies 
Component API 1 PVP K30 Avicel PH101 
% weight in blend 93.5 3.7 2.8 
As with the initial lactose studies, the three components of the blend were added together 
and blended for 15 minutes in a tumble blender prior to processing to ensure an even 
distribution of components.   
3.3.3. Trial equipment and set up 
The following sections will detail the system used for the manufacture of API 1.  Figure 
3.20 shows the schematic for the process used during the studies of API 1. 
Wet Granulation:
Set Points:
Dry solids input rate
Liquid input rate
Barrel speed
Jacket temp
Other Measurements
Torque on barrels
End Granulation temp
Liquid addition 
system via loss in 
weight system
Drying:
6 cells in fluid bed that are filled in 
turn for a set period of time.  
Example flow of dryer cycle shown 
below (3 minute fill, 12 min dry time):
Time Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6
3 mins Filling
6 mins Filling
9 mins Filling
12 mins Filling
15 mins Filling
18 mins Empty Filling
21 mins Filling Empty
24 mins Filling Empty
27 mins Filling Empty
30 mins Filling Empty
Drying
Drying
Drying
Drying
Drying
Drying
Continuous in same pattern
At end of each drying time cycle, the 
filters are blown back to ensure no 
mixing between product keys in 
cells.
Set Points
Inlet air conditions (Temp, RH, 
Flowrate)
Cell fill time, Drying time
Other Measurements
Outlet air conditions
Filter pressure drop
Cell product bed temp
6 Cell fluid bed 
dryer
Each cell has own 
filter
Dry Mill
Finished 
Prduct
Vacuum Transfer
 
Figure 3.20- Process Flow Diagram for API 1 experimental Studies 
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The key stages of the process are discussed in the following sections. 
3.3.3.1. Granulation 
A co-rotating twin screw granulator of the same dimensions as that used in section 3.2 with 
the following specifications: 
 Barrel diameter of 25 mm 
 Length to diameter (L/D) ratio of 20:1 
 Barrel configuration shown as shown in figure 3.21.  Using the same key as 
described in section 3.2.3 the barrel configuration is: 
2T, 8-K1/6-60, 2T 6-K1/6-60, T, 3-K1/8-90 
 
Figure 3.21 - Barrel configuration for wet granulation studies using API 1 
 One loss in weight powder feeder [K’tron™ gravimetric feeder - type KT-20] 
dosing the dry powder blend to the system. 
 Two peristaltic pumps connected to a loss in weight liquid tank for the dosing of 
the water binder. 
 Control capabilities: 
o Granulator screw speed from 200 – 900 rpm ± 5 rpm.   
o Barrel Jacket temperature from 10 oC and 40 oC.   
o Powder addition rate in kg/hr with an accuracy of ± 0.5% over 60 s.   
o Liquid addition rate in g/min with an accuracy of ± 0.5% over 60 s.   
 Measurement capabilities: 
o Granule temperature exiting the TSG 
o Granulator torque in Nm  ± 0.1 Nm 
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3.3.3.2. Fluid bed drying 
The dryer was a novel design that employs an intensified small scale fluid bed drying 
system
1
.  The drying process is shown in figure 3.22: 
 
Figure 3.22 – Simple schematic of GEA multi segment fluid bed dryer 
Drying is accomplished in a multi chamber dryer comprising six segments.  The cells are 
stationary with a separate rotary inlet and an outlet valve that serves each cell (offset) in 
turn. When one cell is filled the wet granule in-feed moves to fill the adjacent cell leaving 
the first to continue drying. Cells are emptied in the same order as filling after a pre-
determined time under the conducted drying air conditions. The degree of fill of the dryer 
(maximum six cells) is determined by the balance between the mass flow coming from the 
granulator and the drying capacity of the dryer at its particular operating settings.  One cell 
can hold between 500 ml and 3000 ml of wet granule, and at the standard throughput of 25 
kg/hr a cell size of 1.25 kg is used (approx. 2500 ml). 
Air is distributed via a common distribution plenum and plate.  Each of the chambers is 
linked at the top of the drying cell, and the air is extracted via common filters, thus the 
need to balance extraction is avoided. 
Output granule moisture content as established by moisture content testing such as LOD is 
achieved by careful control of inlet air temperature, flow and humidity, and a 
predetermined drying time. Unlike normal batch fluid bed during process currently used in 
the pharmaceutical industry this process uses a set time rather than a set temperature to 
judge the end of the drying curve.  A typical drying profile for the system is shown in 
figure 3.23. 
                                                 
1
 http://www.gea-ps.com/npsportal/cmsdoc.nsf/webdoc/webb7eth3p accessed 14/12/2010 
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Figure 3.23 - typical temperature profile during the fluid bed drying process 
At the end of each emptying cycle the filter above the cell being emptied is back-flushed 
using compressed air to remove fines from their surface. 
3.3.3.3. Post fluid bed processing 
The individual lots of dried granules referred to as product keys are passed through  
continuous dry powder mill (Comil U10) fitted with a round screen of 1575 µm mesh size 
to remove any oversize particles that may cause issues in subsequent processing.  The flow 
of granule through the mill is controlled by a rotary valve to ensure there is neither 
flooding or starving of the milling process. 
3.3.4. Trials conducted 
Using the system described above detailed studies of the wet granulation process only 
(excluding fluid bed drying and milling) were conducted along with testing of the full 
system to prove the system robustness and repeatability. 
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3.3.5. Wet granulation only studies 
3.3.5.1. Experimental design 
To assess the impact of operational parameters on the wet granulation process a 2
3
 full 
factorial DoE was created that assessed the impact of three operational parameters; liquid 
addition rate, powder feed rate and screw speed.  A 2
3 
full factorial design was employed 
to investigate the effects of the identified parameters, therefore assuming a linear response 
from the factors.  The experimental design would increase the three different factors by a 
pre set amount from the centre point (high and low) and the combination of the three 
factors define the 3 dimensional operating space which the DoE will assess, as shown in 
figure 3.24: 
 
Figure 3.24 – Example DoE design space for 23 design [after Wikipedia2] 
The order that the experiments were conducted in was randomised and the full list of runs 
and the order in which they were conducted in is given in appendix 3.2.  Table 3.9 shows 
the different conditions for the wet granulation DoE.  Three independent tests were 
conducted for each condition to gauge the variability over the whole DoE run, meaning in 
total 2
3
 x 3 (24) DoE runs were conducted along with 4 runs with the conditions set to 
centre line conditions. 
  
                                                 
2
 http://en.wikipedia.org/wiki/Factorial_experiment accessed on 16/02/2011 
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Table 3.9 – List of 2 level full factorial DoE runs for wet granulation Study 
DOE 
Condition 
Granulator 
speed (rpm) 
dry powder mass 
flow (kg/hr) 
Water Addition 
rate (g/min) 
1 Nominal Nominal Nominal 
2 +1 -1 -1 
3 +1 +1 -1 
4 +1 -1 +1 
5 +1 +1 +1 
6 -1 +1 +1 
7 -1 +1 -1 
8 -1 -1 +1 
9 -1 -1 -1 
3.3.5.2. Process response 
Appendix 3.2 gives the full list of DoE runs as well as the results from the process 
responses and granule testing.   Figure 3.54 shows the changes to the granulation set points 
in line with the DoE run plan given in appendix 3.4 
 
Figure 3.25 - Average data for wet granulation DoE points for controllable variables 
The control system records data every second for all process inputs and controllable 
parameters.  Numerous process responses are also logged at this frequency, and as each 
DoE point was run for a three minute period the data over the sample generation was 
averaged to give a mean result.  Figure 3.26 shows the averaged granulation torque 
(measurement of work input to granulation process) and the temperature of the granules 
exiting the TSG using a thermocouple integrated into the end of the TSG. 
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Figure 3.26 - Average wet granulation DoE process response variables 
The process response data showed that during the DoE numerous different torque and 
temperature responses were recorded from the granulation process.   
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3.3.5.3. Granule physical properties 
To assess the effect of the DoE changes on the granules, samples were taken during each 
run and tested using numerous analytical laboratory techniques.  Full details of the test 
methods used during the testing of the granules can be found in appendix 3.3. 
To aid the understanding of the effects of the TSG, the dry powder blend was also 
subjected to testing to gain a better understanding of its physical properties.  The following 
section reports the findings of the analytical assessments. 
3.3.5.4. Dry powder mix 
The PSD of the dry powder mix was measured by means of sieve stacks using the method 
described in appendix 3.3.  The results of PSD testing on eight dry powder mix input 
samples are given in table 3.10. 
Table 3.10 - Measured PSD of dry powder mix samples 
Sample 
# 
Mass Fraction retained on mesh 
850 µm 425 µm 250 µm 180 µm 150 µm 75 µm 53 µm 45 µm pan 
1 0.0030 0.0030 0.0050 0.0060 0.0070 0.1986 0.2405 0.1267 0.4102 
2 0.0020 0.0030 0.0050 0.0040 0.0070 0.1860 0.2390 0.1310 0.4230 
3 0.0010 0.0070 0.0160 0.0080 0.0110 0.1876 0.2166 0.1238 0.4291 
4 0.0000 0.0000 0.0010 0.0040 0.0091 0.1932 0.2726 0.1429 0.3773 
5 0.0030 0.0040 0.0070 0.0050 0.0080 0.1766 0.2345 0.1507 0.4112 
6 0.0000 0.0010 0.0030 0.0040 0.0070 0.1840 0.2350 0.1360 0.4300 
7 0.0020 0.0090 0.0150 0.0140 0.0140 0.2847 0.1998 0.1059 0.3556 
8 0.0000 0.0050 0.0100 0.0080 0.0090 0.1795 0.2273 0.1147 0.4467 
Ave 0.0014 0.0040 0.0078 0.0066 0.0090 0.1988 0.2332 0.1290 0.4104 
 
The average d10 for the dry powder mix has not been calculated as for all samples over 
10% passed through the smallest size mesh, therefore calculating the mean particle size for 
10% of the mass is not representative.  The average d50 cannot be calculated for the same 
reason as the material on the pan on the sieve stack cannot have a particle size attributed to 
it.  The sieve stack method used was developed for the granulated material and not the pre 
blend and therefore is unsuitable for the calculation of the d10 and d50. 
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3.3.5.5. Wet granule DoE sample 
The wet granule samples were collected in a thin layer on a foil tray and air dried under 
controlled conditions (30
o
C, 5 % RH) for a period of 24 hours.  This was to ensure that 
sufficient moisture was removed from each of the granules samples prior to analysis.  The 
removal of moisture was tested using the LOD method outlined in appendix 3.3 and all 
samples were found to have a moisture content of between 1.5 and 2.0 %. 
The samples were then tested for particle size distribution using the method described in 
appendix 3.3 (a 5 mm policing mesh was used during wet granulation studies rather than a 
2mm policing mesh due to oversized particles).  Figure 3.27 shows the cumulative results 
for all DoE runs conducted: 
 
Figure 3.27- Cumulative PSD's for granules produced during wet granulation DoE 
Figure 3.25 shows a number of important factors: 
 The different DoE design runs show a significant change in the PSD profile from 
the dry blended material. 
 The different DoE conditions resulted in different PSD profiles, therefore 
indicating that the TSG directly impacts the physical characteristics of the granule 
size. 
Table 3.11 shows the averaged torque results as well as the particle D50 for each of the 
DoE conditions. 
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Table 3.11 - Averaged results for wet granulation DoE 
DoE Condition 
Barrel 
speed 
Dry Powder 
Mass Flow 
rate (kg/hr) 
Liquid 
Addition 
Rate (g/min) 
D50 
(µm) 
Torque 
(Nm) 
Torque  
St dev 
(Nm) 
1 712.5 25.5 22.5 598 1.687 0.147 
2 750 24 21 540 1.444 0.127 
3 750 27 21 349 1.511 0.143 
4 750 24 24 847 1.680 0.157 
5 750 27 24 606 1.569 0.131 
6 675 27 24 871 2.280 0.181 
7 675 27 21 453 1.908 0.201 
8 675 24 24 959 2.294 0.165 
9 675 24 21 621 1.938 0.173 
The averaged particle size distribution data is given in table 3.12.  This testing was 
conducted in accordance with the method set out in appendix 3.3 and is used to calculate 
the D50 given in table 3.11. 
 
Table 3.12 - Particle Size distribution data for DoE conditions based on averaged run results 
DoE 
Condition 
850 
µm 
425 
µm 
250 
µm 
180 
µm 
150 
µm 
75 µm 53 µm 45 µm pan 
1 0.401 0.167 0.115 0.065 0.039 0.132 0.064 0.011 0.006 
2 0.359 0.193 0.133 0.071 0.039 0.128 0.059 0.010 0.008 
3 0.261 0.182 0.132 0.075 0.047 0.174 0.111 0.011 0.007 
4 0.499 0.169 0.099 0.051 0.029 0.096 0.042 0.010 0.004 
5 0.395 0.183 0.134 0.055 0.035 0.120 0.050 0.020 0.008 
6 0.509 0.152 0.090 0.049 0.030 0.108 0.050 0.009 0.003 
7 0.339 0.173 0.121 0.069 0.042 0.158 0.077 0.012 0.009 
8 0.553 0.147 0.087 0.046 0.027 0.087 0.039 0.009 0.004 
9 0.409 0.169 0.110 0.062 0.036 0.133 0.063 0.011 0.007 
Dry powder 
mix 
0.0014 0.004 0.0078 0.0066 0.009 0.1988 0.2332 0.129 0.4104 
 
As with the initial testing with Lactose, a comparison between different liquid addition 
rates at a fixed speed and powder addition rate can be gained from the data.  Figure 3.28 
shows the response of increasing LAR whilst fixing other factors during the API 1 wet 
granulation DoE. 
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Figure 3.28 – Response of power consumption to increasing moisture content of granulation mass. 
The relationship between moisture content and torque increases in a similar fashion to the 
studies undertaken in section 3.2 with Lactose.  For every 1% increase in moisture content 
the lactose formulation required a 13% increase in the power required to granulate the 
material using the TSG.  For API 1 studies, this value increased to between 21 – 25 % 
depending upon the barrel speed.  The reasons for this increase in required power could be 
due to the following factors:   
 API 1 formulation may have higher losses during transport due to the frictional 
forces exerted by the powder in the barrel 
 The two trials were conducted at different moisture content levels (5-6% for API 1 
and 8-15 % for Lactose) and it is likely that the relationship of moisture content to 
power consumption is different depending upon the level of saturation within the 
wet mass.  The level of saturation will depend upon numerous physical factors of 
the dry powder, for example specific surface area and hydration rates of the 
components. 
As well as assessing the overall response of the system to the input changes, the effect on 
the individual process responses can also be mapped.  Figure 3.29 shows the percentage 
change in the process response compared to the percentage change in the input parameters 
for the entire DoE.   
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Figure 3.29 – Percentage change in process responses compared to percentage change in process input 
The results of the DoE show a number of key findings: 
 The largest change in the average particle size (d50) is caused by changing the 
liquid addition rate.  A change of +14.3% in the liquid addition rate caused the d50 
to increase by an average of 44.5%. 
 The largest effect on the work input required to granulate was caused by a change 
in the granulator speed.  An increase of 12.5% in the granulator speed led to a 
decrease in the torque measured of 26.1%.  The increase in torque is not matched 
by changes in the particle sizes, so it can be assumed that the work being put into 
the system is mostly being used to move the powder and spread the liquid than to 
exert high shear forces into the powder that increase granule size. 
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3.3.5.6. SEM image analysis 
SEM image analysis was conducted on a number of run samples from the wet granulation 
DoE.  Table 3.13 gives a list of the conditions were selected for testing: 
Table 3.13 – The conditions from DoE on wet granules selected for SEM testing 
DoE Condition 2 3 4 7 8 9 
Actual Run # 8 1 7 10 17 12 
Figure 3.30 and figure 3.31 show the dry powder blend used for the testing.  The other 
components of the blend are similar in nature to the excipients used during the lactose 
testing and can be visually identified in the images, as highlighted. 
 
Figure 3.30 - SEM image of dry powder blend containing API 1.  The circled particles are particles of 
PVP as confirmed by separate SEM testing (magnification scale of 600 µm) 
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Figure 3.31 - SEM image of dry powder blend containing API 1.  The circled rod shaped particle is a 
particle of MCC (Avicel) as confirmed by separate SEM testing (magnification scale of 200 µm) 
The SEM analysis results are shown in figures 3.32 - 3.34.  Images for specific points have 
been selected to show the range of granules produced during the DoE based primarily on 
particle size. 
 
Figure 3.32 - SEM image of granule produced during API 1 DoE condition #3 – d50 of 350 µm 
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Figure 3.33 - SEM image of granule produced during API 1 DoE condition #9 - d50 of 620 µm 
 
Figure 3.34 - SEM image of granule produced during API 1 DoE condition #8 - d50 of 960 µm 
As with the SEM analysis of the lactose particles, the API 1 particles appear to have a 
distinct structure comprising of a single large particles that have agglomerated most of the 
smaller, finer material in the system.  These smaller (primary) granules then agglomerate 
together depending upon the system conditions to form, larger, superstructures of multiple 
primary granules.  
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3.3.6. Continuous wet granulation and fluid bed drying studies 
3.3.6.1. Outline of studies 
The next stage of experimental investigation was to use the granulation and drying process 
technique outlined in section 3.3.3 to produce granules on a continuous basis.  The main 
objectives of this section were to: 
 Assess the impact of the drying technique as well as post drying processes on the 
granule size and structure. 
 Prove that using fluid bed drying coupled with continuous granulation can provide 
a system that is able to adjust the key granule properties of particle size to within 
specific limits. 
 Assess the granule properties with granules produced using traditional batch 
processing techniques. 
3.3.6.2. Centre-line process conditions 
Based upon the output of the wet granulation DoE and further process development work, 
a centre lined process was established using the continuous platform that generated a 
granule PSD within the required commercial limits for the production of API 1.  This 
process was run for a period of 50 hours continuously to prove process robustness and 
repeatability.   
During this production runs over 300 granule samples were taken from various stages of 
the process and analysed for particle size distribution, bulk and tap density and moisture 
content using the LOD method.  All the testing methods are described in appendix 3.3.  
The following samples were taken from the process (see figure 3.20 for PFD); 
 Dry blend of raw materials:  3 individual powder samples from different mixes of 
dry powders used over the period of the trial. 
 Dried granules prior to dry milling stage:  29 individual granules samples taken at 
regular intervals during the trials 
 Dried granules after milling stage:  183 individual granule samples taken at regular 
intervals during the trials 
For each dry blend of raw materials there are multiple sets of granule data.  To simplify the 
analysis of the process the results will be grouped together based on process conditions and 
the input raw material to the system.  Table 3.14 gives the results for the groups of data 
described above: 
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Table 3.14 - Results of centre line run for the commercial granulation system using the TSG 
Pre Blend Number 1 2 3 
Start time 25/09/2007 12:02 25/09/2007 17:48 26/09/2007 09:25 
Finish Time 25/09/2007 17:48 26/09/2007 09:25 26/09/2007 20:00 
Docked Time 5:46 15:37 10:35 
Group number 1 2 3 4 5 6 7 
Moisture Addition (g/min) 22 22 22 22 21 21 21 
Drying Time (s) 660 690 675 660 660 630 615 
Number of un-milled samples 1 4 6 6 3 1 8 
Number of milled Samples 13 25 13 46 23 5 58 
Production Time (mins) 75 255 120 495 282 72 555 
Average Moisture Content (%) 1.174 1.051 1.062 1.050 1.060 1.102 1.126 
St Dev 0.06 0.06 0.06 0.05 0.07 0.03 0.05 
Average un-milled Bulk Density (g/ml) 0.468 0.467 0.481 0.459 0.466 0.452 0.452 
St Dev - 0.02 0.01 0.01 0.01 - 0.01 
Average un-milled Tap Density (g/ml) 0.589 0.552 0.562 0.546 0.564 0.576 0.549 
St Dev - 0.02 0.02 0.03 0.02 - 0.01 
Average un-milled D50 (µm) 152.0 139.1 159.4 164.1 128.2 144.6 152.8 
St Dev - 12.5 9.1 8.1 13.3 - 7.8 
Average milled Bulk Density (g/ml) 0.526 0.508 0.507 0.503 0.492 0.499 0.482 
St Dev 0.01 0.02 0.01 0.018 0.02 0.50 0.01 
Average milled Tap Density (g/ml) 0.630 0.599 0.606 0.615 0.590 0.580 0.579 
St Dev 0.031 0.025 0.017 0.024 0.018 0.004 0.010 
Average milled D50 (µm) 71.39 70.87 70.64 69.07 70.27 70.43 71.08 
St Dev 1.93 1.94 1.82 2.43 1.76 1.04 1.46 
Although the process was set up at conditions thought to be centreline – changes in the process were required to keep the granules within specifications 
due to changes in the feed material.  A slight drift in the process was also observed that was attributed to the fouling of process surfaces as the trial 
progressed. 
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The particle size data is given for each of the un-milled samples in appendix 3.4.  The 
averaged results for the testing of the un-milled granules of the different combinations of 
process conditions and dry powder blends are given below in table 3.15. 
Table 3.15 - Physical properties of un-milled granules produced during centre line run on the 
commercial scale TSG process 
 
Cumulative Mass Faction Mass Fraction undersize 
2000 850 425 250 180 150 75 53 45 Pan 
Group 1 1.00 0.94 0.85 0.66 0.49 0.40 0.17 0.05 0.00 0.00 
Group 2 1.00 0.98 0.92 0.69 0.51 0.43 0.16 0.05 0.01 0.00 
Group 3 1.00 0.93 0.82 0.61 0.45 0.38 0.13 0.04 0.01 0.00 
Group 4 1.00 0.92 0.81 0.59 0.42 0.34 0.10 0.03 0.01 0.00 
Group 5 1.00 0.97 0.91 0.71 0.53 0.44 0.15 0.05 0.01 0.00 
Group 6 1.00 0.99 0.96 0.76 0.58 0.50 0.19 0.06 0.01 0.00 
Group 7 1.00 0.99 0.95 0.76 0.59 0.50 0.18 0.06 0.01 0.00 
 
 
Bulk 
density 
Tapped Density (g/ml) 
(after 1500 taps) 
d50 (µm) 
Group 1 0.468 0.589 152 
Group 2 0.467 0.552 139 
Group 3 0.481 0.562 159 
Group 4 0.459 0.546 164 
Group 5 0.466 0.564 128 
Group 6 0.452 0.576 145 
Group 7 0.452 0.549 153 
The particle size data is given for each of the milled samples in appendix 3.4.  The averaged 
results for the testing of the milled granules of the different combinations of process 
conditions and dry powder blends are given below in table 3.16. 
Table 3.16 - Physical properties of milled granules produced during the centre line runs on the 
commercial scale TSG process 
 
Cumulative Mass Faction 
 
2000 850 425 250 180 150 75 53 45 Pan 
Group 1 1.000 0.999 0.960 0.789 0.628 0.544 0.283 0.137 0.046 0 
Group 2 1.000 0.999 0.973 0.813 0.644 0.556 0.259 0.120 0.052 0 
Group 3 1.000 0.999 0.976 0.815 0.650 0.560 0.261 0.125 0.058 0 
Group 4 1.000 0.999 0.974 0.825 0.668 0.580 0.279 0.140 0.074 0 
Group 5 1.000 0.999 0.982 0.839 0.667 0.571 0.243 0.107 0.047 0 
Group 6 1.000 0.999 0.987 0.843 0.665 0.568 0.242 0.106 0.040 0 
Group 7 1.000 0.999 0.985 0.837 0.656 0.558 0.236 0.099 0.035 0 
 
 
Bulk density 
(g/ml) 
Tapped Density (g/ml) 
(after 1500 taps) 
d50 (µm) 
Group 1 0.526 0.585 71 
Group 2 0.508 0.567 70 
Group 3 0.507 0.567 70 
Group 4 0.504 0.575 69 
Group 5 0.492 0.554 70 
Group 6 0.499 0.547 70 
Group 7 0.482 0.540 71 
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The main results of the centreline process running are shown in figures 3.35 and 3.36 below: 
 
Figure 3.35 - Centreline process conditions based upon dry mix number and conditions 
 
Figure 3.36 - Results of d50 testing for centre line process running for un-milled and milled samples. 
Figure 3.35 shows that the process required only small changes in the key operating 
parameters to ensure that the particle size distribution and moisture content of the granules 
remains within the required specifications for LOD and particles size during API 1 
production. 
The changes in the average particle size (d50) of the un-milled samples can be explained 
using the findings of the wet DoE as well as fundamental understanding of the drying 
process: 
 The decrease from group 1 to group 2 is attributed to the increase in drying time.  
The increase of 30 s (4.5%) results in a decrease of 8.5% in the d50.  As no other 
process parameters were changed (including the wet granulation process) to affect 
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the product the increased attrition has to be associated with the fluidisation of the 
granules within the drying process. 
 The increase from group 2 to group 3 is the opposite of the change from group 1 to 
group 2.  The increase in d50 is due to the decrease in the drying time. 
 The increase from group 3 to group 4 is also explained by the difference in drying 
time.  In this instance the decrease in drying time of 15 s (2.3%) results in a 3% 
increase in the d50. 
 The largest change seen during the centre line running (in terms of d50) was seen 
between groups 4 and 5 when the liquid addition rate was changed.  Based on the 
results of the wet DoE, a decrease of 1 g/min (from 22 g/min to 21 g/min) should 
result in a decrease in the mean particle size of 19% (at 750 rpm granulator speed).  
In the case of group 4-5 the change is actually higher at a value of 22%.  The extra 
3% decrease in the mean particle size (therefore increase in the level of finer 
material) can be attributed to the differences in the drying process or experimental 
error.  With less water in the wet granule mix the liquid bridge volume will be 
decreased therefore the bonds would be weaker and more easily breakable in group 5 
compared to group 4.  During the wet granulation DoE the drying technique did not 
affect the PSD in the same way as the granules were not fluidised. 
 The increase from group 5-6 is explained in the drying time.  The decrease of 30 s 
(4.5%) resulted in an increase in the d50 of 12.5%.  This increase is higher than the 
same process change between steps 1 and 2 due to the lower liquids to solids ratio.  
As the material dries, and becomes over dried it is more prone to attrition within the 
fluid bed, hence the significant difference in the two changes of drying time. 
The milled samples do not show the same level of variance which indicates that the milling 
process acts to dampen any variance seen in the wet granules.  Before milling the average 
d50 for all un-milled samples was 152 µm ± 14 µm (one standard deviation).  After milling 
this average drops down to 71 µm ± 1 µm (one standard deviation).  Figure 3.37 and 3.38 
show plots of the distribution of the gathered d50 data for both milled and un-milled samples 
respectively. 
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Figure 3.37 - Distribution of d50 calculations on un-milled samples gathered during API 1 trials 
 
Figure 3.38 - Distribution of d50 calculations on milled samples gathered during API 1 trials 
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Figure 3.39 - Comparative plots of the distribution for un-milled and milled d50 measurements taken 
during API 1 studies 
Figure 3.39 shows that the milling process not only acts to reduce the overall particle size by 
53% but acts to tighten the distribution between samples.  Although this seems to be acting 
against the granulation process (which is used to increase mean particle size) this step allows 
for a greater degree of reproducibility from the process making it more commercially 
attractive. 
Figures 3.40 and 3.41 show SEM images of the un-milled and milled granules from granules 
produced under the same process conditions.  The granules were selected with 
approximately the average particle size. 
 
Figure 3.40 - (left) un-milled granule and 3.41 - (right) milled granules from centreline run. 
 
0
0.05
0.1
0.15
0.2
0.25
0 20 40 60 80 100 120 140 160 180 200
N
o
rm
al
is
e
d
 D
is
tr
ib
u
ti
o
n
 
Particle size (microns) 
Unmilled Sample Milled Sample
Experimental studies   University of Surrey 
James Holman   Page 134 of 228 
The two images clearly show the differences in the granules: 
 Milled granules are single large particles with smaller particles agglomerated to the 
sides. 
 Un-milled granules are made up of a cluster of the large primary granules, similar to the 
wet granulation samples that were tray dried for both the API 1 studies (section 3.3.5) 
and the lactose studies (section 3.2). 
 
3.3.7. Summary 
 Granule structure for API 1 is similar in nature to granules studied during lactose 
trials – 1 large primary particle is surrounded by agglomerated smaller particles.  
Larger granules are then made up of clusters of these primary granules. 
 Despite the changes in drying method (tray drying to fluidised bed drying), the 
findings from the wet granulations studies on lactose can be transferred to the studies 
using API 1.  Both these sets of data can then be applied to the commercial fluidised 
bed drying system to gauge the response of granule characteristics to changes in the 
operating parameters of the granulator. 
 The critical defined parameter of liquid to dry solids ratio is shown to be critical in 
defining the granule characteristics. 
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3.4. API 2 studies 
3.4.1. Introduction 
The last section of the experimental study conducted on the TSG system used second API 
(API 2), again combined with common pharmaceutical excipients.  In a similar manner to 
the API 1 studies the system was assessed for its ability to produce granules to a 
specification.  The key difference with the API 2 studies is that another processing step of 
compression was added to enable the system to be a ‘powder in – tablets out’ production 
platform.  The benefits to such a system have been discussed in section 2.7.3. 
3.4.2. Outline of studies 
The PFD of the system used during the studies of API 2 are shown in figure 3.42: 
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Figure 3.42 - representation of full 'powder in - tablets out' system used during API 2 testing 
The extra process stages involved when compared to the studies using API 1 are as follows: 
 The milled granules are blended with a small quantity (> 0.5 % w/w) of magnesium 
stearate prior to compression. 
 The powder is then compressed to the correct specifications within the tablet press 
(GEA Courtoy: Modul 
TM
 P).  Detail information on the operation and compression 
technology using during this test period is available on the vendors website: 
http://www.gea-ps.com accessed 16/03/2011 
3.4.3. CPP’s and CQA’s 
As part of the assessment of API 2 the process was reviewed for Critical Process Parameters 
(CPP’s) and using the result of the previous studies as well as findings from literature these 
were defined for each main process step.  Using this information, along with operational 
experience gained during the previous studies a Design of Experiment was constructed that 
would allow changes in the granulation stage to be tracked through the process and any 
Dry 
Mill 
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effects on the final product quality be measured.  The list of CPP’s chosen for the DoE is 
given in table 3.17, whilst a full list of the CPP’s and CQA’s identified can be found in 
Appendix 3.5.  Due to the complexity of the tablet compression process, two critical quality 
attributes were selected as targets and the CPP’s that affected these were adjusted to give the 
correct targets. 
Table 3.17 - CPP's and CQA’s selected for DoE during API 2 studies 
CPP / CQA Stage Influence 
CPP - Barrel speed granulation Granule PSD (through residence time, 
shear force levels, and fill level) 
CPP - Liquid/powder ratio granulation Granule PSD (through residence time, 
shear force levels, and fill level) 
CPP - Drying time Fluid bed drying Granule moisture content 
CQA - Tablet weight Compression Unit dose size 
CQA - Tablet thickness Compression Tablet properties 
3.4.4. Input materials 
Table 3.18 gives the composition of the dry powder mix used during testing of API 2.  For 
operational ease, the excipients were pre blended and dosed to the TSG using one loss in 
weight feeder whilst API 2 was dosed from a separate feeder (as shown in figure 3.37). 
Table 3.18 - composition of blend used for API 2 studies 
Component Name Fraction of blend (%) 
API 2 88 
Starch 11 
PVP – K30 1 
3.4.5. Experimental design 
To develop a greater understanding of the system as a whole as well as the impact of 
changes in granulation on the final product a two stage DoE was designed to enable the 
generation of data on process interactions.  Part one of the DoE was designed as a two level 
full factorial with centre line condition runs through out.  A full factorial design allows a full 
investigation of the process extremes, but does not directly assess the influence on 
individual factors on an otherwise centred process. 
To allow a Central Composite Face (CCF) analysis to be carried out on the process, extra 
DoE points were conducted upon completion of the full factorial design.  A CCF design 
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allows the process to be analysed for non-linear responses as it provides multiple points for a 
change in conditions.  An example of the DoE design is given in figure 3.43: 
Centre point
Full factorial points
CCF ‘star’ points
 
Figure 3.43 - Centre line, full factorial and CCF DoE design illustrations for a three factor, 2 level design 
The DoE runs for part one and two are given in tables 3.19 and 3.20 respectively. 
Table 3.19 - API 2 DoE part one - full factorial DoE runs 
Run Liquid Addition Rate Granulator Speed Drying Time 
Table 
Weight 
Tablet 
Thickness 
1 Centre Centre Centre Centre Centre 
2 + + - - + 
3 + + - + + 
4 + + - - - 
5 + + - + - 
6 - + + + - 
7 - + + + + 
8 - + + - - 
9 - + + - + 
10 Centre Centre Centre Centre Centre 
11 + - + + + 
12 + - + - + 
13 + - + + - 
14 + - + - - 
15 - - - - + 
16 - - - - - 
17 - - - + - 
18 - - - + + 
19 Centre Centre Centre Centre Centre 
20 + + + + - 
21 + + + + + 
22 + + + - + 
23 + + + - - 
24 - + - - + 
25 - + - + + 
26 - + - + - 
27 - + - - - 
28 Centre Centre Centre Centre Centre 
29 - - + + + 
30 - - + - + 
31 - - + - - 
32 - - + + - 
33 + - - + + 
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34 + - - - - 
35 + - - - + 
36 + - - + - 
37 Centre Centre Centre Centre Centre 
Table 3.20 - API 2 DoE part 2 - central composite face design points 
Run Liquid Addition Rate Granulator Speed Drying Time Weight Thickness 
038 Centre Centre Centre Centre Centre 
039 - Centre Centre Centre Centre 
040 + Centre Centre Centre Centre 
041 Centre + Centre Centre Centre 
042 Centre - Centre Centre Centre 
043 Centre Centre + Centre Centre 
044 Centre Centre Centre Centre Centre 
045 Centre Centre - Centre Centre 
046 Centre Centre Centre Centre + 
047 Centre Centre Centre - Centre 
048 Centre Centre Centre Centre - 
049 Centre Centre Centre + Centre 
050 Centre Centre Centre Centre Centre 
3.4.6. API 2 experimental results 
Table 3.21 gives the process conditions and the results of the granulation and drying stage of 
the process for the runs conducted during the DoE using API 2. 
Table 3.21 - Granulation and drying responses from API 2 DoE study 
DoE Point 
Granulation Drying  
Input:  
Liquid Addition 
Rate (g/min) 
Input:  
API 2 dosing 
rate (kg/hr) 
Input:  
Barrel Speed 
(RPM) 
Response: 
Measured 
torque (Nm) 
Input: 
Drying 
Time (s) 
Response: 
LOD (%) 
001 57.6 22.2 574.0 5.9 780 2.07 
002 55.0 22.2 622.8 6.3 720 1.4 
003 Unable to achieve compression targets 
004 55.0 22.2 622.8 6.3 720 1.4 
005 55.0 22.2 622.8 6.3 720 1.4 
006 60.0 22.2 522.8 7.3 840 1.8 
007 60.0 22.2 522.8 7.3 840 1.8 
008 60.0 22.2 522.8 7.3 840 1.8 
009 60.0 22.2 522.8 7.3 840 1.8 
010 57.5 22.2 572.9 6.1 780 1.82 
011 60.0 22.2 622.3 5.7 720 2.51 
012 60.0 22.2 622.3 5.7 720 2.51 
013 60.0 22.2 622.3 5.7 720 2.51 
014 60.0 22.2 622.3 5.7 720 2.51 
015 55.0 22.1 522.2 7.0 720 1.99 
016 55.0 22.1 522.2 7.0 720 1.99 
017 55.0 22.1 522.2 7.0 720 1.99 
018 55.0 22.1 522.2 7.0 720 1.99 
019 57.5 22.2 572.3 6.8 780 1.88 
020 59.7 22.0 622.8 5.7 840 1.89 
021 Unable to achieve compression targets 
022 59.7 22.0 622.8 5.7 840 1.89 
023 59.7 22.0 622.8 5.7 840 1.89 
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DoE Point 
Granulation Drying  
Input:  
Liquid Addition 
Rate (g/min) 
Input:  
API 2 dosing 
rate (kg/hr) 
Input:  
Barrel Speed 
(RPM) 
Response: 
Measured 
torque (Nm) 
Input: 
Drying 
Time (s) 
Response: 
LOD (%) 
024 55.0 22.1 522.3 7.3 840 1.42 
025 55.0 22.1 522.3 7.3 840 1.42 
026 Unable to achieve compression targets 
027 55.0 22.1 522.3 7.3 840 1.42 
028 57.5 22.1 572.8 6.6 780 1.67 
029 55.0 22.1 622.3 6.1 720 1.68 
030 55.0 22.1 622.3 6.1 720 1.68 
031 55.0 22.1 622.3 6.1 720 1.68 
032 55.0 22.1 622.3 6.1 720 1.68 
033 60.0 22.1 521.8 7.3 720 2.9 
034 60.0 22.1 521.8 7.3 720 2.9 
035 60.0 22.1 521.8 7.3 720 2.9 
036 60.0 22.1 521.8 7.3 720 2.9 
037 57.5 22.1 571.8 6.9 780 1.68 
038 55.0 22.1 571.7 6.8 780 1.65 
039 60.2 22.1 571.3 7.1 780 2.15 
040 57.5 22.1 573.0 6.2 720 2.01 
041 57.5 22.0 572.8 6.3 840 1.59 
042 57.5 22.1 572.2 6.1 780 1.7 
043 57.5 22.0 621.7 5.5 780 1.77 
044 57.5 22.0 522.6 7.0 780 1.58 
045 57.5 22.1 571.8 6.4 780 1.86 
046 57.5 22.0 571.8 6.4 780 1.86 
047 57.5 22.0 572.3 6.5 780 1.86 
048 57.5 22.0 572.5 6.3 780 1.86 
049 57.5 22.1 572.3 6.5 780 1.86 
050 57.5 22.1 572.5 6.5 780 1.86 
Table 3.22 gives the results of testing conducted on the final compressed tablets produced 
during the API 2 study. 
Table 3.22 - Compression responses and measurements from API 2 DoE runs 
DoE Point 
Compression response 
Weight  
(mg) 
Thickness 
(mm) 
Hardness  
(kp) 
Friability 
(%) 
Disintegration 
Time (s) 
001 591 5.19 10.7 0.18 105 
002 610 5.33 10.4 0.19 88 
003 Unable to achieve compression targets 
004 572 5.02 12 0.19 164 
005 576 5.21 8.5 0.25 107 
006 562 5.26 6.3 0.32 159 
007 621 5.36 14.6 0.13 335 
008 559 4.99 11.2 0.1 239 
009 625 5.34 15.9 0.11 515 
010 593 5.18 10.9 0.22 135 
011 632 5.49 10.6 0.21 131 
012 562 5.34 4.4 0.3 90 
013 620 5.34 12.6 0.16 220 
014 569 5.03 10.8 0.18 220 
015 557 5.33 4.5 0.72 92 
016 568 5.06 10.2 0.16 144 
Experimental studies   University of Surrey 
James Holman   Page 140 of 228 
DoE Point 
Compression response 
Weight  
(mg) 
Thickness 
(mm) 
Hardness  
(kp) 
Friability 
(%) 
Disintegration 
Time (s) 
017 620 5.31 15.2 0.16 302 
018 620 5.32 14.7 0.19 281 
019 587 5.15 11.5 0.2 158 
020 630 5.41 15.1 0.12 243 
021 Unable to achieve compression targets 
022 569 5.34 5.7 0.5 107 
023 556 4.95 10.9 0.06 192 
024 560 5.28 5.4 0.16 108 
025 623 5.38 14 0.17 332 
026 Unable to achieve compression targets 
027 558 4.93 11.7 0.17 302 
028 595 5.21 11.3 0.08 246 
029 623 5.39 13.3 0.18 207 
030 563 5.23 6.7 0.35 119 
031 560 4.94 11.6 0.22 151 
032 627 5.39 14.2 0.15 217 
033 620 5.37 12.9 0.19 380 
034 569 5.00 10.8 0.22 332 
035 567 5.32 5.5 0.34 127 
036 613 5.29 13.3 0.24 463 
037 597 5.20 13 0.13 238 
038 587 5.12 12.1 0.16 345 
039 596 5.18 14.2 0.18 364 
040 596 5.17 14.2 0.22 236 
041 599 5.20 13.5 0.19 304 
042 594 5.28 13 0.16 222 
043 588 5.13 12.4 0.28 197 
044 589 5.16 12.3 0.18 285 
045 592 5.16 12.3 0.16 181 
046 595 5.27 10 0.2 149 
047 605 5.18 14.8 0.13 288 
048 569 5.11 9.6 0.17 141 
049 629 5.39 16 0.15 342 
050 601 5.31 14.5 0.18 271 
Table 3.23 gives the results of off line PSD testing conducted on the milled granules 
produced during the API 2 study. 
Table 3.23 - PSD results for API 2 studies 
DoE Point(s) d50 
(µm) 
Mass fraction retained on sieve 
2000 850 425 250 180 150 75 pan 
001 171.3 0.002 0.044 0.254 0.168 0.110 0.047 0.130 0.246 
002-005 138.3 0.002 0.022 0.177 0.157 0.129 0.083 0.158 0.272 
006-009 173.2 0.002 0.043 0.257 0.174 0.106 0.046 0.118 0.254 
010 165.0 0.002 0.037 0.232 0.173 0.113 0.053 0.130 0.261 
011-014 176.3 0.001 0.050 0.264 0.173 0.102 0.055 0.122 0.234 
015-018 164.2 0.002 0.040 0.235 0.164 0.112 0.051 0.135 0.261 
019 168.1 0.002 0.041 0.243 0.171 0.110 0.052 0.125 0.257 
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DoE Point(s) d50 
(µm) 
Mass fraction retained on sieve 
2000 850 425 250 180 150 75 pan 
020-023 176.0 0.002 0.043 0.258 0.182 0.113 0.051 0.121 0.230 
024-027 163.5 0.002 0.034 0.226 0.169 0.126 0.056 0.137 0.251 
028 166.9 0.001 0.040 0.241 0.170 0.111 0.051 0.132 0.255 
029-032 164.1 0.001 0.036 0.227 0.172 0.121 0.056 0.138 0.249 
033-036 201.6 0.002 0.053 0.310 0.196 0.101 0.056 0.103 0.180 
037 175.1 0.001 0.043 0.259 0.178 0.114 0.050 0.119 0.235 
038 164.6 0.001 0.028 0.233 0.175 0.123 0.055 0.127 0.258 
039 188.4 0.002 0.050 0.292 0.185 0.104 0.045 0.103 0.219 
040 170.0 0.002 0.039 0.255 0.168 0.108 0.049 0.130 0.249 
041 172.8 0.002 0.042 0.252 0.175 0.121 0.052 0.125 0.231 
042 172.8 0.001 0.040 0.261 0.170 0.116 0.047 0.126 0.239 
043 166.8 0.001 0.032 0.241 0.173 0.119 0.050 0.126 0.257 
044 168.1 0.002 0.040 0.244 0.170 0.112 0.051 0.131 0.251 
045 168.4 0.002 0.037 0.245 0.172 0.115 0.051 0.123 0.256 
3.4.7. Analysis of results from DoE 
3.4.7.1. Overall assessment and process performance 
For the assessment of the experimental data the first step is to split the process into two 
sections:  firstly the granulation and drying process and second the compression process.  
Figure 3.44 shows the granulation and drying set point changes during the DoE. 
 
Figure 3.44 – Achieved granulation and drying set points for DoE using API 2. 
Figure 3.45 shows the changes made during the compression stage of the process during the 
DoE using API 2. 
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Figure 3.45 - Achieved compression DoE points for API 2 studies 
The compression settings were more difficult to control and leads to a number of missed 
DoE points (see table 3.22 for details).  For high tablet weight and low thickness the 
required compression forces could not be met.   
The variable granule properties also made achieving consistent set points more difficult 
hence why the properties of the tablets are variable for each DoE point.  The changing 
granule properties (caused by the DoE changes) impact the flowability of the granules and 
this affects the setup of the tablet press.  Figure 3.46 shows the responses to the DoE for the 
granulation and drying process. 
 
Figure 3.46 - Response to DoE runs for API 2 on the physical properties of the granules 
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There is a strong link between average particle size of the dried granules and the moisture 
content out of the dryer.  The moisture content difference (from wet to dried) indicates how 
long the granule has spent in the drying process, and the data from the DoE shows that the 
granules that spend less time in the drying process tend to have a larger d50.  This indicates 
that the majority of the attrition and breakage within the system happens within the drying 
process.  Figure 3.47 shows the responses of the tablets to the changes in the process. 
 
Figure 3.47 - Tablet physical responses to DoE runs for API 2 
The tablet properties were measured using industry standard tests, and are described in 
appendix 3.3.  The tablet hardness is measured in Kilopond (kp) which is not to be confused 
with a pound, not the SI units of  N.  The data will be assessed using statistical software to 
gain a better understanding of the process interactions in section 3.4.7.2. 
3.4.7.2. Statistical analysis 
Using the Design of Experiments software Design Expert ® 7 the output from the studies 
was analysed.  The first analysis was to show that the granulation stage was affected by 
liquid addition rate and speed in the same manner as the studies using lactose and API 1. 
Figure 3.48 and 3.49 shows the output of the statistical analysis of the d50 results for this 
DoE.  It shows that in terms of effects on the d50, the LAR (liquid addition rate, A) has a 
positive effect on the d50 (i.e. increases in the d50 result in increases in the d50 as seen during 
previous studies) and that the granulation speed has negative changes (i.e. increasing the 
granulation speed decreases the d50 of the granules).   
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Figure 3.48 - Half normal plot of the t-values for the interactions of LAR, granulation speed and drying 
time on the d50 during API 2 studies. 
The half normal plot shows the impact on the results for each of the selected DoE 
parameters.  The plot shows that factors A, B and C all have measurable effects on the 
system.  Positive responses indicate increases in the factors cause increases in the measured 
response.  
 
Figure 3.49 - Pareto plot of interactions for d50 from API 2 studies 
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A number of points need to be made when assessing the results of the studies: 
 The d50’s were calculated for milled samples taken during the DoE.  Due to 
containment requirements surrounding API 2 this is the only stage at which granules 
could be safely taken during continuous processing.  As shown in API 1 study the 
mill stage greatly affects the d50 and also acts to balance out major changes in the 
granules.   
 The level of contribution of drying time and liquid addition rate are not considered 
significant with respect to the t-value figures shown in figure 3.43.  This may be 
down to the smoothing effect of milling as in previous studies the LAR was proven 
to be the largest contributor in changing granule properties.   
One of the key quality attributes in an oral solid dose tablet is the disintegration rate as this 
dictates how quickly the active can be dispersed once swallowed.  Figures 3.50 and 3.51 
show the half normal plot and Pareto plot for the disintegration results. 
 
Figure 3.50 - Half normal plot for interactions influencing the disintegration time results from API 2 
studies 
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Figure 3.51 - Pareto chart plot for interactions influencing the disintegration time results from API 2 
studies 
The interactions shown in figure 3.51 are not statically significant as they fall far below the 
t-value limit.  This shows that for this experiments run none of the factors considered had a 
significant effect on the disintegration time of the tablet. 
Figure 3.52 shows the pareto chart plot for another key tablet property, hardness. 
 
Figure 3.52 - Pareto plot of tablet hardness from API 2 studies 
As would be expected, the two significant factors are factor D (tablet weight) and factor E 
(tablet thickness). 
Therefore the act of tableting causes the product to lose most memory of its previous 
processing.  However the previous processing is suitable for tableting which means it is 
acceptable.
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4. PEPT data analysis 
4.1. Introduction 
Positron Emission Particle Tracking (PEPT) has been used to assess the motion of particles 
through the Twin Screw Granulator.  The data generated from this study by GEA Pharma 
Systems™ and the University of Birmingham was shared to form part of this study into the 
TSG. 
4.2. Outline of trials 
4.2.1. TSG PEPT trials description 
PEPT systems work by tracing a single radioactive tracer particle through a system.  
Information detailing how PEPT works can be found online at the University of 
Birmingham’s website3.  This study was conducted using a detector that enables a tracer 
particle travelling at 1 m/s to be located to within 0.5 mm 250 times per second.  The TSG 
used during the studies differed from the main TSG used in the following ways: 
 The TSG barrel diameter during the PEPT studies was 19 mm rather than the 25 mm 
used during the studies outlined in section 3.  Figure 4.1 shows a schematic of the 
TSG used during the PEPT trials.  
 
Figure 4.1 - Schematic of TSG used for PEPT analysis of particle motion within TSG 
                                                 
3
 http://www.np.ph.bham.ac.uk/pic/pept.htm accessed 23/02/2011 
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 Two liquid addition ports were machined on the test unit to enable a greater degree 
of flexibility when choosing the position of the liquid addition.  Both ports were 
positioned at the start of a different screw block section. 
 The screw design was fixed for the trials with the following configuration (see 
section 3.2.3 for details): 
2T, 7-K1/6-60, 2T 7-K1/6-60, T, 3-K1/8-90 
 The top shell of the TSG was machined out of aluminium to ensure a thin shell.  This 
enabled a greater degree of accuracy in measuring the tracer particle co-ordinates 
within the system as the PEPT scanner had less granulator shell to penetrate. 
 Powder addition rate in kg/hr with an accuracy of ± 0.5% over 60 s.   
 Liquid addition rate in g/min with an accuracy of ± 0.5% over 60 s.   
 No instrumentation to measure power consumption was present during the trials. 
 No instrumentation to measure the granule temperature at discharge was present 
during the trials 
4.2.2. Material blends used during the trials 
Two different blends of dry powders were used during the PEPT testing of the TSG: 
 The same blend as used in the lactose studies was used during the PEPT trials.  
During this study the liquid binder was a solution of 10 % PVP.  The majority of the 
PEPT testing was conducted on this blend. 
 A blend of API 1 and HPMC.  Only two different process conditions of the API 1 
blend were conducted. 
For each blend different process conditions were assessed to gather data on the effects of 
process changes on the particle motion within the TSG. 
4.2.3. Lactose blend studies 
Table 4.1 details the trials conducted using the PEPT analysis using the blend containing 
lactose.  For each condition a number of successful PEPT passes of the tracer were 
conducted to gain an average of the particle motion within the TSG. 
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Table 4.1 - Details of PEPT studies using Lactose dry powder blend 
Condition 
Dry powder 
rate (g/min) 
Binder 
addition rate 
(g/min) 
Liquid 
addition 
point 
Granulator 
speed 
(rpm) 
Number 
successful PEPT 
passes 
1 200 22 A 500 29 
2 200 22 A 600 5 
3 200 22 A 450 5 
4 200 22 B 600 5 
5 200 22 B 500 4 
6 200 35 A 600 4 
7 200 35 A 500 5 
8 200 35 A 700 8 
 
4.2.4. API 1 blend studies 
Table 4.2 details the trials conducted using the PEPT analysis using the blend containing 
API 1.   
Table 4.2 - Details of PEPT studies using API 1 dry powder blend 
Condition 
Dry powder 
rate (g/min) 
Binder 
addition rate 
(g/min) 
Liquid 
addition 
point 
Granulator 
speed 
(rpm) 
Number 
successful PEPT 
passes 
1 200 10.1 B 750 9 
2 200 10.1 B 650 10 
 
4.3. Results of PEPT testing 
4.3.1. Data generated 
The results of the PEPT studies give a set of Cartesian co-ordinates vs. time for each pass of 
the tracer particle through the TSG.  This data has been used to assess the particle motion, as 
well as gather data on collision speeds (by assessing collision paths and measured particle 
velocities along those paths that will be used in section 5 along with data gathered during the 
experimental studies outlined in section 3. 
For a single pass of the PEPT particle through the TSG, the motion of the particle has been 
analysed with respect to a centre line.  Figure 4.2 shows the three axes (x, y and z) and how 
they relate to the TSG.   
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Figure 4.2 - Axis definition during PEPT analysis 
The data yields a 3 dimensional path of the particle.  Figure 4.3 shows an example plot of 
this motion for a single TSG pass. 
 
Figure 4.3 - Example plot of PEPT motion within TSG during studies conducted with Lactose 
From this single plot alone a number of observations can be made with respect to the 
particle motion within the various sections of the TSG: 
 The different screw designs can be seen in the motion.  Both kneading sections can 
be identified as they give greater z transition of the particle compared to the x motion 
(i.e. more mixing effects rather than transport motion).  The transport screw design 
appears to have a smooth and consistent transition in comparison. 
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 The barrel design has been split into 6 distinct sections based upon the screw design.  
The two types of screw element design considered for this study are the same as 
those used during the experimental investigations. 
o Transport zone 1 (TZ1) – pitched screw element 
o Kneading zone 1 (KZ1) – blocks angled at 60 to the previous block 
o Transport zone 2 (TZ2) – pitched screw element 
o Kneading zone 2 (KZ2) – blocks angled at 60 to the previous block 
o Transport zone 3 (TZ3) – pitched screw element 
o Kneading zone 3 (KZ3) – blocks angled at 90 to the previous block 
 In the second transport screw zone the particle remains on one side of the granulator, 
whilst in the third zone the particle travels around the outside of the barrel.   
Each successful pass relates to a trial where the input tracer particle makes it through the 
entire system without breaking.  Figure 4.4 shows a plot of the x motion of two particles vs. 
time as they pass through the TSG. 
 
Figure 4.4 - Plot of the x-axis location of a tracer particle vs. time.  Solid line shows a particle that breaks 
during testing whilst the dotted line shows a successful pass. 
Despite the breakage some of the data from the run will be used in the analysis and the 
particle motion can be used up to the point of breakage (approximately 2.4 seconds in figure 
4.4).  There is an area of transit between the two breakage plots where it appears the particle 
is no longer broken.  Although it cannot be proven, the indication is that within the transport 
zone the two halfs of the particle are in close proximity and it will be shown in this section 
that the transport screws have little mixing capacity. 
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The particle motion can be split into the three separate axes vs. time.  Figures 4.5-4.7 show 
an example plot for the x, y and z axis co-ordinates of a particle plotted vs. time 
respectively. 
 
Figure 4.5 - x-coordinates of a PEPT particle plotted vs. time for a single pass during TSG testing 
 
Figure 4.6 - z co-ordinates of a PEPT particle plotted vs. time for a single pass during TSG testing 
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Figure 4.7 – y co-ordinates of PEPT particle plotted vs. time for a single pass during TSG testing 
To gauge a better understanding of the motion within the TSG it is also worthwhile looking 
at the dimensional motion of the particle as it travels through the TSG.  3 dimensional 
images such as that shown in figure 4.3 are difficult to interpret once printed so three 
different plots can be useful to break down the motion.  Figures 4.8-4.10 show the three 
different plots of x vs. y axis, x vs. z axis and y vs. z axis. 
 
Figure 4.8 - z motion of the particle vs. x motion of the particle.  Data taken from a single run of PEPT 
analysis during condition 1 trials on Lactose. 
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Figure 4.9 - y motion of the particle vs. x motion of the particle.  Data taken from a single run of PEPT 
analysis during condition 1 trials on Lactose. 
 
Figure 4.10 - y motion of the particle vs. z motion of the particle.  Data taken from a single run of PEPT 
analysis during condition 1 trials on Lactose. 
Although the raw data plotted in this format may give a detailed insight into the particle 
motion, without further assessment of the raw data the utility is limited to visualisations of 
the particle motion.  
4.3.2. Analysis of data 
Using the PEPT data a number of key factors can be identified regarding the motion of the 
particle within the TSG. 
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4.3.2.1. Position with respect to barrel component 
The dimensions of the barrel and screw configuration can be combined with the particle 
tracing to identify which part of the trace relates to a specific mixing zone within the barrel, 
e.g. as shown in figure 4.5 with the 6 different zones.  Table 4.3 lists the start and end point 
in terms of the x coordinate for each barrel component outlined in section 4.3: 
Table 4.3 - Start and end x co-ordinates for the different barrel sections within the TSG 
Section TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
Start (mm) 0 25.5 58.75 87.25 120.5 149 
Finish (mm) 25.5 58.75 87.25 120.5 149 158.5 
The following points should be noted with respect to the position of the PEPT data: 
 The average residence time within each zone for a given set of conditions along with 
the deviation in the times. 
 Average speed of a particle through a section.  Figure 4.11 shows a diagram of a 
particle in motion during the time period tn to tn+1: 
 
Figure 4.11 - Path of motion for particle in TSG for use in PEPT analysis 
Given this data, the average speed of the particle for each time frame can be 
calculated using equation 4.1: 
   
√((     )  (     )  (     ) )
(       )
 Equation 4.1 
 Average particle motion through each section including number of particle cross-
over between the two barrels compared to the number of particle rotations on a 
single barrel. 
Results for these three aspects will be given further on in the section. 
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4.3.2.2. Back mixing 
The level of back mixing in the granulator can be calculated using the PEPT data to show 
the mixing efficiency of each granulator zone during the process, increase backwards motion 
indicates more mixing between the powder but also acts to increase the RTD of the process.  
By assessing the residence time in each zone and comparing that value to a calculated 
minimum residence time, the difference in the two times can be attributed to the amount of 
back mixing in the system.  The minimum residence time can be calculated if 0 backwards 
motion is assumed, and will be directly correlated to the speed of rotation of the TSG 
barrels. 
Figure 4.12 shows a schematic of a kneader block section within the TSG barrel. 
 
Figure 4.12- Schematic of kneader block section within TSG 
Here x1 is the starting x co-ordinate of the kneading block section and x2 is the end x axis 
co-ordinate, tin is the time a particle enters the section, and tout is the time at which the 
particle leaves the section. 
Two terms can be defined, tn which is the time in the section assuming no hold up, and tactual 
which is the difference of tout and tin.  The term tn will be calculated from the PEPT data by 
assuming that the minimum particle time in a section equates to that of a particle with no 
hold up.  This assumption becomes more valid the greater the number of runs included in the 
analysis. 
To calculate the level of back mixing, the x-direction data can be analysed and all negative 
movements of particles can be surmised within each kneading zone as well as the time taken 
to move.   
Within each zone of the TSG, the tracer particle for each run will experience motion in both 
the positive and negative direction. Figure 4.13 shows a simplified diagram of the tracer 
particles motion through a zone. 
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Figure 4.13 - Simplification of particle path in x direction 
Here a, b, c and d are the x distance of the individual sections.  From this a number of 
factors can be calculated:  
 xtot – total distance travelled by the tracer particle:  x distance (both positive and 
negative) from point xa-xb-xc-xd-xe  
 xb – x distance travelled backwards, xb-xc 
 xf – total distance travelled forward , xa – xb, xc-xd, xd-xe. 
 xnb – distance travelled without back mixing.  xa-xe 
 Dbm – Degree of back mixing (xtot/xnb) 
 
Table 4.4 shows the calculated x-values for a single pass of the tracer particle through the 
TSG.   
Table 4.4 - A01-1 x-motion data 
  Total TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
xtot 634.0 64.0 105.9 73.5 200.1 117.1 73.4 
xb 240.8 22.0 37.2 21.5 83.8 44.5 31.8 
xf 393.2 42.0 68.7 52.0 116.3 72.6 41.6 
xnb 152.4 20.0 31.5 30.5 32.5 28.1 9.8 
Dbm 4.2 3.2 3.4 2.4 6.2 4.2 7.5 
4.3.3. Results of lactose PEPT Studies 
As the majority of the PEPT work was conducted using the Lactose blend the main analysis 
will be conducted on that data set.  The findings will then be applied to the API 1 data to 
show if the findings from one material can be transposed onto another.   
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4.3.3.1. Overall run data 
The tracking data for each run has been plotted to show the motion of the particle through 
the twin screw device with respect to time.  Figure 4.14 shows the plot for condition 1 for 
the Lactose study. 
 
Figure 4.14 - x axis movement vs. time for condition 1 from Lactose studies 
The combined particle traces may appear to be confusing but two significant things are 
made apparent in these traces.  Firstly, the majority are similar showing that the particles 
follow a similar path as they travel through the granulator.  Secondly, it is shown by one 
trace that it is possible for a particle to get ‘stuck’ in a single zone for significant periods of 
time.  One of the 29 successful runs yielded a particle that got held up in the second 
kneading zone (x ≈ 110 mm).   
Figure 4.14 also shows that as in the example given in figure 4.5, the different zones of the 
barrel can be identified as the particle passes through them.  The transport zones have 
smoother and steeper traces indicating a more consistent and faster particle motion through 
the section, whilst the kneading zones have a more variable trace.  As the PEPT data allows 
for a 3 dimensional viewing of the particle motion it is also worth looking at the motion of 
the particle across the two barrels as it passes along the length of the barrel.  Figure 4.15 
shows a selection of the runs from condition 1 from the lactose studies where the x motion 
has been plotted vs. the z axis. 
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Figure 4.15 – X motion data vs. z motion data for lactose PEPT studies at condition 1 
The different barrel sections can be clearly identified in the above trace with the difference 
between the transport zones (non shaded areas) and the kneading zones (shaded areas) 
highlighted.  A number of comments can be taken from this plot: 
 The motion through the kneading zones appears to be more random than in the 
transport screws.  This backs up the previous findings from figure 4.14 showing that 
the particle spends more time in these zones than in the transport zones. 
 The particle motion appears to show a common path out of the first kneading zone, 
leaving much of the barrel empty or leaving a small stagnant zone that explains the 
particle hold up in figure 4.14.  Upon further investigation of the 29 particle runs 
conducted for this condition this is not the case for all 29 runs and is just due to the 
selected runs in figure 4.15.  
To compare the effects of changing conditions on the particle motion certain runs can be 
compared to each other.  Figure 4.16 shows runs 1, 2 and 3 which were conducted under the 
same process conditions apart from the changing barrel speed. 
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Figure 4.16 - Comparison of PEPT data using Lactose for runs conducted at 22 g/min liquid addition 
rate under the same process conditions apart from changes in granulator barrel speed. 
Figure 4.16 shows that as the barrel speed increases, that the average time taken for the 
particle to travel through the barrel does decrease as expected.  The gradient of the traces 
above will be proportional to the speed of the granulation process.  It is worth noting that 
run 2 conducted at 450 rpm, and run 3 conducted at 600 rpm both have limited data (limited 
number of traces for each). 
The runs shown above were conducted at the reduced liquid addition rate of 22 g/min 
(equivalent to 11 % of the dry mass).  It is also worth noting that at the slower speed of 450 
rpm the difference between the zones is far less apparent, with the gradient of the traces 
almost consistent across the entire length of the barrel.  The main exception to this is in the 
second kneading zone where all the water is added. 
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The second comparison that is shown in figure 4.17 shows run numbers 6, 7 and 8 that were 
conducted using the higher liquid addition rate of 35 g/min (17.5 % of the dry mass).  Once 
again all other process conditions were fixed apart from the granulator speed. 
 
Figure 4.17 - Comparison of PEPT data using Lactose for runs conducted at 35 g/min liquid addition 
rate under the same process conditions apart from changes in the granulation speed 
Once again limited data sets make comparison difficult but the figures do show the clear 
trend that as the granulation speed decreases the time spent in the granulation process 
increases for all barrel speeds.  It also appears that the increased liquid addition rate causes a 
further increase in the granulation time (due to more liquid distribution requirements), at the 
lower liquid addition rate the mean residence time is 4.2 seconds whilst at the higher liquid 
addition rate the residence time is 5.3 seconds for the same granulator speed.   
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At 600 rpm the average residence times are 3.5 seconds for the lower liquid addition rate 
and 3.8 seconds for the higher liquid addition rate.  A full assessment of the residence times 
will be made in section 4.3.3.2.  
Another interesting point is that once again at the lower speed the difference between the 
zones is much harder to see in the traces, and that at the higher liquid addition rate this 
occurs at a higher speed. 
The third comparison that is shown in figure 4.18 shows run numbers 4 and 5 that were 
conducted using the lower liquid addition rate of 22 g/min using the alternative liquid 
addition port.  The liquid is now added at the start of the first set of kneaders rather than the 
second set.  The comparison shows two different speeds at these conditions. 
 
Figure 4.18 - Comparison of PEPT data using Lactose for runs conducted at 22 g/min liquid addition 
rate using the alternative liquid addition port at two different granulation speeds 
The traces of particle motion have not altered significantly with the change liquid addition 
ports they appear in line with the corresponding runs in the first comparison. 
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4.3.3.2. Quantitative assessment of particle motion 
As described in section 4.3.2.1 a number of key responses can be calculated from the PEPT 
data.  Table 4.5 shows the averaged results for the residence times for the lactose studies 
including +/- one standard deviation.  A full set of results can be found in appendix 4.1. 
Table 4.5 - Average RTD’s in each barrel section for studies using Lactose 
 
Average residence time distribution in TSG section (s) 
 
TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
Condition 1 0.36±0.19 1.09±0.25 0.55±0.14 1.25±0.6 0.55±0.11 0.39±0.15 4.19±0.69 
Condition 2 0.18±0.05 0.75±0.20 0.39±0.13 1.40±0.69 0.37±0.07 0.47±0.26 3.56±0.92 
Condition 3 0.47±0.17 1.36±0.46 1.10±0.09 1.76±0.84 0.59±0.06 0.30±0.09 5.58±0.66 
Condition 4 0.28±0.12 1.14±0.56 0.43±0.10 1.11±0.27 0.37±0.05 0.38±0.16 3.64±0.67 
Condition 5 0.72±0.20 1.45±0.37 0.74±0.05 0.96±0.15 0.50±0.08 0.44±0.10 4.71±0.15 
Condition 6 0.19±0.09 1.01±0.20 0.39±0.13 1.27±0.22 0.53±0.16 0.39±0.15 3.78±0.16 
Condition 7 0.59±0.25 1.19±0.33 1.02±0.08 1.55±0.7 0.59±0.08 0.37±0.12 5.31±1.04 
Condition 8 0.16±0.06 0.70±0.19 0.28±0.11 0.90±0.15 0.33±0.08 0.44±0.51 2.81±0.50 
Table 4.6 shows the averaged results for the back mixing ratios for the lactose studies 
including +/- one standard deviation.  A full set of results can be found in appendix 4.1. 
Table 4.6 - Averaged back mixing ratios for PEPT runs using Lactose 
 
TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
Condition 1 1.86±0.80 3.9±1.03 2.65±0.7 5.03±2.49 3.11±1.00 6.36±2.58 
Condition 2 1.51±0.33 3.44±0.97 1.89±0.52 4.71±1.77 1.96±0.30 6.96±3.27 
Condition 3 2.73±1.32 4.40±1.68 4.44±0.25 6.49±3.18 2.96±0.27 4.61±0.74 
Condition 4 1.51±0.29 3.74±1.71 2.05±0.59 4.15±0.82 1.89±0.26 5.10±1.60 
Condition 5 2.36±0.81 4.06±0.91 3.03±0.20 3.39±0.84 2.44±0.47 6.07±1.01 
Condition 6 1.08±0.07 3.09±0.34 1.55±0.47 3.63±0.47 2.37±0.90 4.54±1.53 
Condition 7 2.12±1.03 2.74±0.62 2.71±0.81 4.45±1.43 4.59±2.24 6.44±4.41 
Condition 8 1.08±0.11 1.93±0.31 1.17±0.23 2.18±0.46 1.35±0.14 4.00±4.13 
Finally table 4.7 shows the breakdown of the average velocities in each granulator section 
for the studies undertaken using lactose.   
Table 4.7 - X-axis velocities (mm/s) for PEPT studies using Lactose 
 
TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
Condition 1 71.6 30.6 51.7 26.6 52.1 24.3 37.6 
Condition 2 141.2 44.1 73.6 29.0 77.9 20.3 44.0 
Condition 3 54.8 24.4 25.9 18.9 47.8 31.3 28.4 
Condition 4 91.0 29.1 65.9 29.9 78.0 30.4 43.5 
Condition 5 35.6 24.7 38.8 34.5 56.8 21.4 33.7 
Condition 6 134.3 32.9 74.1 26.1 54.3 24.5 41.0 
Condition 7 43.5 27.9 28.0 21.5 48.0 25.4 29.9 
Condition 8 156.8 47.5 101.7 36.9 85.7 21.8 56.4 
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4.3.4. Effect of process conditions on PEPT runs 
The potential effects on the granule characteristics of changing processing parameters have 
been investigated in section 3 through the experimental program.  This section of 
experimental investigation looks to study the effects of changes in the processing parameters 
on the particle motion through the TSG.  Across the different runs three different changes in 
the process conditions have been looked at and are summarised in the following sections. 
4.3.4.1. Effect of barrel speed 
To assess the impact of barrel speed on the motion of the granules two sets of data can be 
compared within the conditions run for lactose blends.  The two sets of data to be compared 
are listed in table 4.8: 
Table 4.8 - conditions from PEPT studies for speed change analysis 
Condition Speed (rpm) Liquid addition 
rate (g/min) 
1 500 22 
2 600 22 
3 450 22 
6 600 35 
7 500 35 
8 700 35 
 
The average total residence time for the condition is plotted in figure 4.19. 
 
Figure 4.19 - Average RTD for selected conditions to show effect of barrel speed on particle motion 
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The data shows that, as expected, the total residence time decreases with increasing barrel 
speed.  The increase for the lower liquid addition rate of 22 g/min (11% water / dry solids) 
in the barrel speed is 150 rpm, and this decreases the residence time by 36%.  For the higher 
liquid addition rate of 35 g/min (17.5% water / dry solids) the increase of 200 rpm in the 
barrel speed results in a decrease in the residence time of 47%. 
Figure 4.20 shows three example traces from conditions 1, 2 and 3, and for each run a linear 
trend line has been added.   
Figure 4.20 - Example PEPT plots for conditions 1, 2 and 3 using Lactose showing the different barrel 
speeds and the effect this has on particle motion through the TSG 
Fig4.21 shows three example traces from conditions 6, 7 and 8. 
 
Figure 4.21 - Example PEPT plots for conditions 6, 7 and 8 using Lactose showing the different barrel 
speeds and the effect this has on particle motion through the TSG 
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4.3.4.2. Effect of liquid content 
To assess the impact of liquid content on the motion of the granules four of the runs can be 
cross compared to give two sets of data.  At the lower liquid addition rate of 22 g/min (11% 
of the dry solids) two speeds 4.26 are compared, 500 rpm (condition 1) and 600 rpm 
(condition 2).  The same two speeds can be compared for the higher liquid addition rate of 
35 g/min (17.5% of the solids content) with condition 7 taking place at 500 rpm and 
condition 6 being conducted at 500 rpm.  The effects of changing the moisture content at 
different speed on the average residence time distribution is given in figure 4.22 
 
Figure 4.22 – RTD times vs. barrel speed for the different moisture contents. 
Figure 4.22 indicates that for the experimental window assessed, increases in the moisture 
content of the powder enables other factors to the granulation to have a more significant 
effect on the residence time, in this case the granulator barrel speed.  The higher moisture 
content of 17.5% correlates to the 27% decrease in the RTD as would be expected due to the 
change in volume.   
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4.3.4.3. Results of API 1 PEPT studies 
Table 4.9 shows the averaged results for the residence times for the API 1 studies.  A full set 
of results can be found in appendix 4.2. 
Table 4.9 - Average RTD’s in each barrel section for studies using API 1 
 
TSG section (s) 
 Condition TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
Condition 1 0.19±0.09 0.62±0.15 0.3±0.07 0.92±0.23 0.32±0.05 0.15±0.07 2.85±0.51 
Condition 2 0.43±0.18 1.16±0.29 0.43±0.08 1.16±0.26 0.40±0.08 0.17±0.11 3.70±0.43 
Table 4.10 shows the averaged results for the back mixing ratios for the API 1 studies 
including +/- one standard deviation.  A full set of results can be found in appendix 4.2. 
Table 4.10 - Averaged back mixing ratios for PEPT runs using API 1 
 
TSG section 
Condition TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
Condition 1 1.20±0.21 1.68±0.47 1.50±0.81 2.88±1.79 1.57±0.67 2.50±1.35 
Condition 2 1.13±0.15 1.71±0.36 1.21±0.17 1.79±0.44 1.32±0.31 1.54±0.66 
Figure 4.23 shows the x axis vs. time for both conditions: 
 
Figure 4.23 - X axis position vs. time plots for API 1 studies under both conditions 
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The API 1 studies were conducted at 750 rpm barrel speed and 650 rpm barrel speed using 
the first liquid input position (comparable with conditions 4 and 5 from the lactose studies.  
The liquid addition rate was significantly lower due to the physical requirements of API 1; 
the ratio of liquid to the dry solids was only 5.05%. 
As with the studies using Lactose the data shows that as by increasing the speed of the 
granulation barrel from 650 to 750 rpm (15.4% increase) the average residence time in the 
granulator decreases.  In this case, the increase of 100 rpm causes a 25.6% decrease in the 
residence time; therefore the hold-up has increased by 10 %. 
Also within the data is a single pass (A09-3, data is given in appendix 4.2) that exhibits no 
back mixing at the measured scale of scrutiny.  The run was conducted at the higher speed 
of 750 rpm and gives a residence time of only 1.19 seconds.  This is significant as when the 
barrel design is considered, at 750 rpm the x-velocity of the screws inside the granulator are 
running at 78 m/s.  The data for this particle has an average velocity along the x axis of 76.7 
m/s, with the standard error at 2.5 m/s.  This shows that for this particular run the particles 
were merely being transported along the TSG and that the design of the granulator did not 
impact the trajectory of the particle. 
Finally the data shows an interesting relationship between the speed of the granulator and 
the RTD in each zone as a percentage of the overall time.  Table 4.11 shows the results for 
selected lactose studies: 
Table 4.11 - residence times as a percentage of overall time in granulator 
Speed Liquid TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
450 22 8% 24% 20% 32% 11% 5% 
500 22 8% 26% 13% 30% 13% 9% 
600 22 5% 21% 11% 32% 10% 13% 
500 35 11% 22% 19% 29% 11% 7% 
600 35 5% 26% 10% 33% 14% 10% 
700 35 6% 25% 10% 32% 12% 15% 
The results do not show many clear trends across the two different liquid addition rates apart  
from in the final kneading zone, where the increase in speed causes a significant increase in 
the mean fraction of time the particle spends in that section with respect to the overall time 
in the barrel. 
The time spent in the second kneading zone (directly after liquid addition) does not seem to 
alter significantly as a result of process effects indicating that motion through this section is 
independent of all process conditions apart from barrel speed. 
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This finding is backed up by the other lactose PEPT runs as well as the runs using API 1.  
The relative time spent in the first kneading zone after liquid addition for runs 4 and 5 in the 
lactose studies (different liquid addition point) were both 31%.  For the API 1 studies the 
two relative times are 32% for condition 1 and 31% for condition 2.  This indicates that the 
motion directly after liquid addition is not controlled by the amount of liquid added or the 
powder properties of the dry blend.  Further study using PEPT on a range of materials and 
liquid addition rates is required. 
A second trend noticed in the relative times is in the final breakage zone.  The trial data 
clearly shows that as the speed of the granulator barrel increases so does the relative time the 
particle spends in the final chopping zone.   This indicates that at higher spend the final zone 
is putting relatively more work into the granules perhaps therefore increasing the breakage 
rates. 
The data from the other PEPT runs also backs up this finding with the relative time spent in 
the final kneading zone for runs 4 and 5 in the lactose studies were 4.5% for the run at 500 
rpm and 5.3% for the run conducted at 600 rpm.  For the API 1 studies the two relative times 
are 9.3% for the run at 500 rpm (condition 2) and 10.6% for condition 1 which was run at 
600 rpm.   
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5. Discussion 
5.1. Outline 
The purpose of this chapter is to review the work conducted, along with the findings of the 
literature review to understand what is happening within the TSG and the rest of the 
continuous processes studied.  The fundamental mechanisms will be mapped onto the 
processes and the mechanisms occurring within the TSG will be discussed.  This chapter 
will also take the opportunity to discuss process capabilities of continuous granulation to 
show the benefit that this technology can have within a commercial production environment. 
The data gathered during the trials will be fed into the outlined model and the applicability 
of this will be assessed.  Finally recommendations on possible avenues for further study will 
be outlined. 
5.2. Theoretical application 
5.2.1. Mechanisms of particle adhesion 
In the literature survey in chapter 2, five fundamental interactions were identified for the 
interactions of two particles.  For the process studies there are three key unit operations that 
are of interest in this study.  This section will aim to apply the theoretical understanding to 
each unit operation. 
For twin screw granulation only two of the five mechanisms described will be applicable, 
for the following reasons: 
Mechanisms applicable 
 Interfacial forces and capillary pressure at freely movable liquid surfaces.  This 
includes liquid bridges and capillary forces 
 Inter particle forces such as van der Waals or electrostatic (during the initial dry 
phase of granulation.  During liquid zones these forces have negligible effect 
compared to other forces.) 
Mechanism excluded: 
 Mechanical interlocking of particles.  As pharmaceutical powders are usually of 
regular shape the interlocking of particles has been excluded.  Interlocking of 
particles usually applies to fibres and highly irregular shaped particles with high 
aspect ratios. 
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 Solid bridges.  As there is no drying process and given the extremely short residence 
time within the barrel, the formation of solid bridges has been ruled out. 
 Adhesion and cohesion forces in non freely movable binders.  As has been proven in 
previous studies reported in the literature (section 2.3.1.1), the strength of these 
bonds is negligible compared to the strength of the other bonds within the system. 
Given the literature studied in this report, it is highly unlikely that the inter-particle forces 
will be significant once the liquid has been introduced and the liquid bridges formed (section 
2.3.1.2 and section 2.3.1.3.  Therefore the only mechanism that really needs to be considered 
when studying the TSG is the effects of liquid bridges between the particles. 
5.2.2. Wet granulation through the TSG 
5.2.2.1. Particle motion 
It is important when assessing the use of the Twin Screw Granulator as a wet granulation 
process to firstly understand the motion within the TSG and how this may differ from more 
conventional granulation processes, such as a batch high shear granulator.   
Figure 4.3 shows a single trace through the process and it has been shown in chapter 4 that 
the different stages in the TSG have different effects on the motion. 
In some commercial literature the TSG process has been billed as being ‘plug flow’ with 
respect to the flow of material through the granulation process.  At a low scale of scrutiny 
this is not accurate as the PEPT data does show that back mixing does occur in the process 
but the overall process does flow from one end of the granulator to the other in a relatively 
consistent manner.   
The TSG process takes a fraction of the time that a traditional process takes, the average 
residence time in the experimental work conducted for this study being a few seconds, 
whilst a traditional batch granulation process would take a few minutes.  This raises the 
question as to why the TSG still manages to produce consistent granules to the same 
measurable quality as the large scale process and the following factors should be considered: 
 Despite the short RTD in the process, all particles have to pass through the same 
processing steps within a certain time period, unlike in batch granulation where a 
particle can simply exist in the bulk of the powder bed.  
 The particle within a TSG spends significantly longer fraction of the time in active 
granulation zones than in a batch granulator.  Due to the mechanical design of the 
process the particles are in active granulation zones for a significant period of the 
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time in the TSG (average time in high shear kneading zones during PEPT Lactose 
trials is 65%).   
The next section will aim at applying the fundamental understanding of wet granulation to 
the particles as they pass through the TSG process used in the experimental studies. 
5.2.2.2. Granulation map 
Given the literature studied in this report (section 2.9) combined with the experimental 
program conducted, a generic map of the granulation process along the TSG has been 
developed and is shown in figure 5.1.  The map mimics the screw configuration used during 
the trials as described in section 3.2.3. 
 
Figure 5.1 - Simple mechanism map for the TSG as the particle travels along the barrel.  The process 
runs as follows from left to right:  A)  Dry powder mixing in zone 1, B) over and under wetting of 
powder in zone 2 depending upon the barrel position, C) Breaking of saturated agglomerates and mixing 
with remaining dry powders in zone 3 to create primary granules, D) low shear forces exerted in zone 4 
gives liquid limited time to pull particles together due to capillary forces, E) secondary agglomeration of 
primary granules in zone 5, F) breakage of oversized clusters in zone 7. 
The following sections will discuss in greater detail the different zones that the particles will 
pass through based on the barrel configurations used during the experimental work in this 
report. 
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5.2.2.3. Stage 1 – dry powder transport.   
During the first stage the dry powders of the formulation are dosed into the twin screw 
granulator.  It is assumed that the ratio of the components is consistent, although in reality 
this is difficult given the selected powder dosing technologies employed in conjunction with 
this process.  The aspect of operational issues on the quality of the granule will be discussed 
further in section 5.3.3. 
The primary function of the first zone of any of the barrel configurations tested is to 
transport the dry powder at a constant rate into the main mixing and shearing zones of the 
granulator.  Depending upon the set up of the process, a number of different feeders can be 
employed to dose the dry powders into the twin screw granulator.  It would be considered 
optimal that by the time they enter the liquid addition zone all the different components of 
the blend are equally mixed and that a homogenous powder is presented to the next stage. 
Using data from the PEPT studies to quantify the motion of the particle, the levels of back 
mixing indicate that this is not the case, and that the transport screws are not efficient at 
mixing the two streams.  The PEPT data shows that the level of back mixing in the first 
transport zone is the lowest (section 4.3.3.2) in the TSG for all experiments run using both 
the lactose blend and the blend of API 1.   
The PEPT studies used a single feeder and a pre blended dry powder mix, so data is not 
available to show just how critical this inefficient mixing is in the formation of the granule.  
Follow on studies conducted by the author using the TSG have shown that the poor mixing 
can be significant and experimental studies using different designs of mixing pins were 
undertaken in an attempt to provide a uniform and homogeneous mixture to the subsequent 
mixing zones. 
Inter-particle forces will be the prevailing mechanism in this stage as there is no liquid 
present, but given the forces exerted on the particles during transportation and subsequent 
processing it is unlikely that any bonds formed will impact the final granule structure. 
The main issue that could arise from this section of the TSG will be clumping of materials as 
they are dosed into the TSG causing localised enrichment of some components and a mal-
distribution as they enter the liquid addition zone.  As mentioned this is not an issue for 
majority of the experimental work reported here as a single pre blend of powder is used 
rather than separate loss in weight feeders. 
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5.2.2.4. Stage 2 – liquid addition 
The design of the granulator has the liquid addition stream split into two parts (see figure 
4.1), each feed injecting a constant flow of the selected binder directly into the powder 
stream being transported by one of the granulator shafts.   
As a result of this the powder stream at this stage will be split into two stages, one side of 
the granulator barrel will contain the powder along with the liquid stream, whilst the 
opposite side of the barrel will only contain dry powder, and due to the low mixing these 
two streams are not sufficiently mixed prior to the first high shear kneading zone.  This 
means that there are two types of granule structures entering the kneading zone, over-wetted 
agglomerates of particles with capillary forces binding the mass together and under wetted 
powder still behaving as the original dry mass. 
Relating this to mechanism maps given in the literature is it apparent that this starts the 
process off in two different areas as shown in figure 5.2 
 
Figure 5.2 - Different mechanisms for wet granulation in the TSG depending at the liquid addition stage. 
As over wetted granules contain stronger bonding due to the liquid bridges, extra work will 
be required to break these bonds down and mix in the dry agglomerates into the wet mass.  
Due to the mechanical design of the TSG it is not practically possible to have a controlled 
liquid addition such as that described in studies on high shear granulation [Hapgood et al, 
2003] where the spray flux and droplet size have been shown to be critical in controlling 
granule size. 
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5.2.2.5. Stage 3 – first high shear mixing and granulation stage 
In all of the experimental set-ups used during testing the over / under-wetted mass of powder 
then enters the high shear mixing zone of the kneading blocks.  It is in this stage (and any 
subsequent repeats of this stage) that the majority of the granulation is considered to take 
place.  For the wet granulation to be successful the first mechanism that needs to take place 
is the breakage of the over-wet agglomerates so that the liquid binder can be dispersed 
evenly through the powder.   
Depending upon the conditions of the granulation is it possible for two different scenarios to 
be present within this zone.   
1. If the volume of powder equals or exceeds the volume available within the zones 
then the section effectively becomes an extruder and the powder will be pressurised 
and densified in order for it to be pushed through the open zones created as the 
kneading blocks move.  This will mean a high shear system that involves the 
deformation and squeezing of the particles to form agglomerates. 
Given the growth mechanisms studied in the literature review this will lead to either 
a rapid growth behaviour or a steady growth behaviour (see figure 2.15 and 5.2) 
given the high shear forces and short time within the zone compared to other 
granulation technologies.  The exact position will depend upon the saturation value 
of the material. 
2. If the volume of powder is less than the volume available in the kneading zones then 
the material will have more space and therefore the agglomeration will be based 
more on a collision based mechanism, where particles are fired into each other as 
they pass through the zone.  Under these conditions the growth rate of the granules 
will be significantly lower than that of the first scenario, but the work input required 
will also be lower.  An example of the differences this can make to the final product 
quality is given in section 5.3.2.3. 
In both situations the kneading block design will provide less x-axis momentum and it will 
rely on the powder entering the section/stage to push powder through.  This can be seen in 
some of the PEPT traces where particles appear to get ‘stuck’ in a kneading zone being 
pushed back and forth between the same two kneading zones.  This is shown in detail in 
figure 5.3 
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Figure 5.3 - Example of PEPT particle hold up in kneading zone 
Figure 5.3 shows one trace (left hand side) that passes through the TSG with little back-
mixing and hold up, whilst the trace on the right hand side gets stuck in the kneading zone 
after the liquid has been introduced to the system.  In instances like this the level of back 
mixing is extremely high but it is unclear what effects this will have on the granule structure 
or if this is even a true indication of the system.  It is worth noting that the PEPT particle is 
around 600 µm in diameter, whilst the average particle size of the powder may be 
significantly lower.  The hold-up may be solely down to the size of the PEPT particle and 
the size of the aperture created between the kneading zones. 
The other interesting point raised in the PEPT data is that motion in the zone directly after 
liquid addition appears to be independent of other process conditions apart from barrel 
speed.  The time spent in the zone is always proportional to approximately 32 % of the 
overall time in the barrel. 
5.2.2.6. Stage 4 – transportation and relaxation. 
The stage following the kneading zone is in this dissertation always a transport screw 
section.  As previously shown this section does not give a significant mixing effect and 
studies show that transport screws alone impart little shear forces onto the particles other 
than that required to overcome the frictional forces between the powder mass and the wall / 
barrel of the device. 
It is considered then that during this stage the liquid bonds that have been formed during the 
intensive kneading zone will have a chance to settle down.  As discussed in the literature 
review, the capillary forces within the liquid bridges will act to pull particles closer together, 
strengthening the bond of the liquid bridge (section 2.3.1.2). 
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The liquid may spread further round the particle given the extra time and form bonds with 
neighbouring particles, forming larger agglomerated structures of the primary granules 
emerging from the kneading zone, hence this section is the main agglomeration zone. 
The components of the dry powder mixture will also be reacting to the presence of the liquid 
binder, with some of the mix dissolving into the liquid altering properties.  For instance PVP 
is commonly added as a powder to specifically dissolve in the binder. Not only does this 
result in the formation of solid bridges once the granules have been dried but the increase 
viscosity of the liquid due to the PVP in solution provides significantly strong (in the short 
term process) liquid bridging.  This makes the particles less likely to attrition in the 
subsequent drying process. 
5.2.2.7. Second stage high shear kneading zone 
In some of the cases of experimental work reported in this dissertation, a second stage 
kneading zone is employed after the introduction of water.  The reasons for this are 
numerous and can include: 
 Using a single zone results in extreme frictional forces between the walls and the 
powder within the zone.  This is down to the loss in x-axis momentum during the 
kneading zone and often results in over working the powder, high temperatures due 
to the friction that all lead to oversized and over densified granules that are difficult 
to subsequently dry and process. 
 The formulation may require a relaxation time between kneading zones to enable 
some component in the powder to activate in the presence of the liquid. 
 The residence time in the presence of the liquid may need to be increased in order to 
achieve sufficient granulation in which case the extra kneading zones acts to increase 
the time spent in the TSG. 
The second kneading zone will act in a similar nature to the first, although the work input 
does not need to go into breaking up the over wetted granules as this would have been done 
in the first stage.  Instead, in the second stage both primary granules formed in the first stage 
and any un-granulated material will collide whilst any larger granules formed during the 
transport zone will be broken up.  The existing granules will also be further consolidated 
using high shear forces. 
The same granulation formulation passed through two kneading zones should have a PSD 
slightly shifted to higher sizes as more of the smaller particles / granules will have been 
combined with larger ones.  It should also yield denser, stronger granules as more work will 
have been put into consolidation.  The extra time associated with the kneading zone and 
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subsequent transport zone will ensure that the binders within the formulation have had more 
time to react to the presence of the liquid.  This will alter the viscosity of the liquid binder 
and result in different outcomes of collisions between different sized particles as discussed 
in section 5.4. 
The growth mechanism within the kneading zones is expected to remain the same – either 
steady state growth or rapid growth depending upon the remaining pore saturation.  
5.2.2.8. Second stage transport zone 
The second stage transport zone will act in the same manner as the first and is discussed in 
section 5.2.2.5.  It gives the powder significant x-axis motion and allows the flow of 
material to continue through the TSG.  
5.2.2.9. Final breakage zone 
The final breakage zone is intended to act as the high speed chopping blade used during high 
shear granulation.  In high shear granulation (similar to that shown in figure 2.22) the main 
mixing impeller acts to mixing the powder, ensure that components are evenly distributed 
and to provide the collisions and shear forces to enable the granule growth.  This is the same 
function as 90% of the TSG device up until this final stage.   
The other blade in high shear granulation has been shown to be used as a size control device.  
The smaller chopping blade runs at higher rpm and breaks any over-size agglomerated thus 
providing a degree of size control. In the TSG device the final zone of thin kneading blocks 
acts as in the same manner. 
Ideally the zone will be designed to be able to impart enough energy to break the capillary 
bonds between like sized large clumps of agglomerates, whilst not disrupting the bonds 
between the small and large particles.   
The PEPT data shows (figure 4.20 and figure 4.21) that as the speed of the barrel increases 
the percentage of time spent in this final zone also increases, meaning that at higher speed 
the granules may have a higher hold up in the breakage zone than in the other zones. 
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5.2.2.10. PSD development through the granulation. 
As discussed previously the twin screw device should produce a more repeatable and 
consistent granule as all material follows the same process path through the different zones.  
An example plot of the envisaged development of the mean particle size is given in figure 
5.4. 
 
Figure 5.4 - Hypothesised plot of the mean particle size development through the TSG 
The plot splits the process up into the different zones shown in the process map in figure 5.1.  
At the start of the TSG the mean particle size will be at its lowest as no granulation has 
taken place at this stage.   
There may be a slight increase in the particle size before the introduction of the liquid binder 
due to inter-particle forces but this will be dependent on the properties of the material being 
granulated. 
Once the water is introduced there will be a significant increase in the mean particle size as 
over-wetted large agglomerates are formed.  Post the introduction of water the particle size 
may dip momentarily as the over wetted and under wetted areas of the TSG are mixed, but 
then steady growth/rapid growth of the primary granules will start in the kneading zone.  In 
the transport zone slight growth may occur due to the close proximity of particles but due to 
consolidation this may actually result in a slight decrease in the mean PSD.   
The second kneading zone will have another section of steady state growth where the mean 
granule size increases before another transport zone.  At either the end of the second 
kneading zone or the end of the last transport zone the mean particle size will be at its 
highest.  
The breakage zone at the end will greatly reduce the mean particle size by breaking up the 
large agglomerates of smaller granules. 
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5.3. Further considerations  
5.3.1. PSD development through the process 
The particle size distribution development through the TSG has been discussed in the 
previous section but the rest of the process should also be considered. 
By combining the results from the different sections of the API 1 studies, the progression of 
the granule as it passes through the unit operations can be assessed.  The different stages of 
the process that can be assessed are: 
 Dry powder blend:  The pre blended mix of powders that is dispensed into the 
granulation process. 
 Wet granules:  Granules taken directly from the outlet of the TSG and dried in thin 
layers on trays.  No further external forces applied during the drying process to cause 
granule breakage. 
 Un milled dried granules:  Granules that have been dried using the fluid bed dryer 
but that are removed from the system before subsequent milling. 
 Milled granules:  The final granule prior to compression that have been dried using 
the fluid bed. 
Figure 5.5 shows the different cumulative PSD’s for the different stages of the process. 
 
Figure 5.5 - Cumulative mass fractions for TSG made granules as they pass through the process train 
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Figure 5.5 shows a large shift from the initial PSD of the dry powder blend as a result of the 
granulation process.  The initial d50 has the lowest value at 51 µm that increases as a result 
of the granulation process to 600 µm.   
Next the wet granules are dried in the fluid bed dryer and as expected there is a decrease in 
the d50 due to the attrition caused from the fluidisation of the granules.  The d50 drops from 
600 µm down to 180 µm.  After the milling process this d50 drops further to approximately 
80 µm.  Figure 5.6 shows the particle size distributions for the different stages of the 
process. 
 
Figure 5.6 - Raw particle size distributions of the different stages of the process 
Figure 5.6 clearly shows that after drying the granules produced have a bimodal PSD.    The 
two peaks are at 75 µm then at 150-180 µm.  The second peak is in all likelihood due to the 
coalescence of the smaller 75 µm granules, as theorised in previous sections of this report. 
The high d50 and particle sizes seen in the wet granulation appeared to be due to the mass 
agglomeration of the smaller granules.  The large agglomerates are easily broken up in the 
fluid bed dryer as the force required to break the weaker bonds between the large clusters of 
the smaller granules is easily achieved in the fluid bed drying process. 
The milling stage acts to break more of the over sized clusters of granules whilst the 
evidence from figure 5.6 is that they mostly revert back to the primary granules, rather than 
the initial powder state. 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
10 100 1000
m
as
s 
fr
ac
ti
o
n
 r
e
ta
in
e
d
 
Particle / Granule size (µm) 
Dry mix Wet Gran Unmilled Milled
Discussion  University of Surrey 
James Holman   Page 182 of 228 
5.3.2. Other questions raised regarding the TSG use 
As well as the fundamental mechanisms of wet granulation, this study also took the time to 
assess the impact of using twin screw granulation from a commercial and manufacturing 
viewpoint.  There are a number of important factors to consider when assessing twin screw 
granulation for existing products or processes. 
1. Suitability of formulation:  Formulations of powders have been designed based on 
decades of high shear granulation experience and due to this certain components in 
pharmaceutical granulation are added to mixes without consideration for the 
manufacturing platform.   
2. Transition of release strategy:  The most common current mechanism for the release 
and testing of manufactured pharmaceutical materials is to run a specific number of 
tests on each batch produced and assume that the results of such testing indicate the 
entire batch is of sufficient quality to release to the next manufacturing step. 
The use of an intensive combined process such as the one shown in the experimental 
work here raises a number of questions that need to be answered to enable the full 
benefits of the combined process to be realised. 
Firstly, the continuous process studied in this report effectively defines a batch as the 
contents of the fluid bed dryer which is approximately 1.25kg.  This means that at 
the throughput of 25 kg/hr a batch is made every 3 minutes.  By using PAT 
instruments and process fingerprinting from the vast quantity of data gathered off the 
process each batch can be shown to be of comparable quality to the adjacent batch 
therefore eliminating the need for intensive testing.  Assuming that the PAT 
instruments can provide sufficient readings of the required quality attributes it is 
possible for material to be produced and released for further processing based on the 
online measured data without the need for off line testing.  The subject of ‘real time 
release’ is currently attracting a lot on interest.  Not only does it allow overheads to 
be reduced as off line laboratories are no longer required but it also generated 
significantly more data during development that allows processes to be developed to 
be ‘quality by design’, as required by regulators in the ICH guidelines (section 2.8). 
3. Ability to conduct development:  Investigations taken as part of the studies yielded 
the following point with respect to continuous vs. batch development:  
Continuous Process Development (Granulation, Drying, Blending and Compression)  
 Number of potentially obtainable DOE points in 8 hours: 25 Granulation / drying 
combinations with sufficient material for 5 tablet press conditions for each 
granulation condition.  
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 Current level of optimisation (DoE's carried out as part of studies) has yielded 16 
granulation/drying combinations (95 total point including compression settings) 
in 12 hours.  
 Materials usage per granulation / dryer condition = 7.5 kg  
 Further advantages of the continuous system are the ease of data alignment 
between the different unit operations.  
Batch Process Development  
 Number of potentially obtainable DOE points in 8 hours:  3 Granulation / drying 
combinations maximum.  
 Materials usage per granulation / dryer condition = 250 - 500 kg for partial 
factorials DoE's  (Ramp up in granulation scale from 10 l, 65 l, 150 l to 300 l)  
 Labour productivity is approximately 30 days for batch compared to 3 days for 
equivalent studies on continuous process. 
This data indicates that for a drug in development, not only is it possible to conduct 
far more experimental points during development that will increase the level of 
understanding of how the process works, but it will also yield a faster development 
period therefore reducing the overall time to market. 
5.3.3. Operational limitations and advantages of using TSG 
5.3.3.1. Wet granulation 
The following aspects have been noted during the experimental studies and subsequent work 
using the TSG. 
Powder dosing:  The process studied used gravimetric loss in weight feeders to continuously 
dispense the raw materials into the twin screw granulator.  Usually the components of a 
granulation are carefully weighed out and dispensed into the batch process to ensure the 
correct ratios are present.  In continuous production however this relies on the ability of the 
equipment to dose the components at the correct rate consistently.  The data in tablet 5.1 was 
collected during trials using the same loss in weight feeders: 
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Table 5.1 - Example variances in a granulation mixture gathered from gravimetric feeder trials 
 
% Variance of feed rate (confidence limits of 3σ) 
Material 1s 5s 10s 15s 30s 60s 
1 2.42% 1.53% 1.20% 1.09% 0.76% 0.48% 
2 0.15% 0.06% 0.04% 0.03% 0.02% 0.01% 
3 0.12% 0.09% 0.05% 0.02% 0.02% 0.01% 
4 0.19% 0.12% 0.06% 0.04% 0.02% 0.01% 
5 0.10% 0.07% 0.05% 0.04% 0.04% 0.03% 
Material 1 used a K’tron KT-35 device, whilst materials 2-5 used a K’tron KT-20 as used in 
the majority of the experimental work.  All materials were optimised (using mechanical set 
up changes, i.e. gear box ratios) so that the minimum amount of variance was seen and the 
flow rates were measured using both the internal weight recording of the K’tron and a 
separate laboratory scale linked to a data recorder.  The data collected from the off line 
scales acts as a calibration check to the on line K’tron data. 
The data shows that over the longest period of time (in this case 60 s) the accuracy of the 
gravimetric feeders would be considered suitable for manufacture (± 0.5% limit set by the 
Pharmaceutical Company funding the studies).  However when the short term time scales 
are looked at the accuracy of the feeders is questionable and could provide significant noise 
to a process.  At 1s time intervals the maximum 3σ variation in the KT-35  (2.4%) is high  
This will be an important issue to resolve before confidence in the performance capability of 
the continuous process is realised.  
This should not affect the majority of the experimental work conducted in this report as for 
most of the experimental work a single pre blended mix of the dry powders was dispensed 
from a single feeder as the composition would remain consistent (the flow rate would have 
fluctuated instead). 
5.3.3.2. Powder mixing in the TSG 
As the previous section points out it is possible for the dry components to be dosed into the 
start of the TSG at slightly different levels depending upon the performance of the loss in 
weight feeder.  This raises the question of how efficient the TSG is at mixing and the PEPT 
studies did show that the mixing within the transport screws is not high.   
As part of other studies conducted since the main body of experimental work numerous 
other barrel designs have been studied, including sections that employ specific dry mixing 
pins as show in figure 5.7. 
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Figure 5.7 - Image of alternative TSG barrel designs, i.e. dry mixing pins 
Trials using this barrel design have yielded significant results in the mixing of dry powders, 
and as part of future studies it is recommended that serious consideration is given to the 
purpose of each section within the TSG and to ensure that the design is fit for purpose. 
5.3.3.3. Fill levels within zones and effect on granule quality 
As discussed in section 5.2.2.4 the volume of powder occupying the TSG within specific 
sections is critical to the extent of the granulation and the mechanism that takes place within 
the kneading zones.  Evidence of this has been seen during the testing of API 1.  Figure 5.8 
shows the trace of the torque under the same operating conditions.   
 
Figure 5.8 - plot of torque vs. time for an example of fill volume reaching and exceeding 100% causing 
sudden jump into extrusion operation 
During this production run it is thought that the fill volume was slowly increasing in the 
kneading zone and reached the 100% critical limit.  The jump in the torque can be disrupted 
by pausing the liquid addition for a short period (5 seconds) which would cause the barrel to 
clear the kneading zone and return to the lower torque regime.  During the two phases 
significantly different granules were produced, and figure 5.9 shows the average particle size 
distribution of the un-milled samples taken during both torque regimes. 
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Figure 5.9 - Average PSD plots from the low torque and high torque production periods in figure 5.7 
The higher torque zone produced significantly larger granules than the low torque zone as 
expected (higher shear forces give rise to larger particles).  The higher torque (4.5 Nm) 
would cause a significant increase in the granulation forces and cause larger, and denser 
particles to be formed as discussed. 
5.3.3.4. Dry milling: process smoothing effect 
In section 3.3.6.2 the effect of the dry mill was briefly discussed in terms of the impact to 
the experimental results.  Whilst this proves to be a hindrance to the experimental 
investigation of effects of changes in TSG on the final product the smoothing effect that the 
dry mill has actually can be of benefit to the production of pharmaceutical granules.   
During the 12 hour continuous production run using API 1, the unmilled granules tested had 
a mean particle size (d50) of 138 µm ± 32 µm.  The milled samples however had a mean 
particle size of only 70 µm ± 2 µm.  Whilst the milling greatly reduces the mean particle 
size is does removed almost all the deviation in the samples so that subsequent downstream 
process will have a most consistent granule size distribution delivered to it, aiding any 
control system e.g. the weight correction on the tablet press due to changes in powder 
density and flowability. 
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5.3.3.5. Granule structure 
The final point of interest noted during the process trials came from the subsequent SEM 
testing of not only the TSG granules produced but of granules made using the traditional 
batch method. 
Using the current established high shear batch processing, a sample of API 1 granules were 
taken and assessed to allow for a comparison between the batch and continuous granule.  
Figure 5.10 shows the two particle size distributions for the samples selected for this 
comparison. 
 
Figure 5.10 - Batch vs. continuous granule PSD for API 1 samples selected 
Figure 5.10 shows the samples to have comparable PSD’s.  The two samples were then 
compared using SEM imaging to show the differences in the granule structure. 
Figure 5.11 and 5.12 show two granules produced using the conventional batch process, 
whilst figures 5.13 and 5.14 show two granules of similar size generated from the 
continuous process. 
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Figure 5.11 (left) and figure 5.12 (right) showing SEM images of API 1 granules from a conventional 
high shear batch process at 200 µm and 100 µm resolution respectively 
 
Figure 5.13 (left) and figure 5.14 (right) showing SEM images of API 1 granules from the continuous 
process at 200 µm and 100 µm resolution respectively 
The SEM images above show a clear difference in the makeup and structure of the two 
manufacturing processes.  The batch process tends to produce more rounded granules due to 
the mechanics and tumbling motion generated within the high shear mixer, whilst the 
continuous process produces less spherical particles. 
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5.4. Using Stokes numbers to model collisions 
5.4.1. Is the model applicable? 
The use of Stokes numbers to assess the granulation of particles in the TSG has been 
reviewed in section 2.  Despite the model limitations given in section 2.5.3 the use of Stokes 
number still holds promise for certain operating conditions within the TSG.   
Firstly the model assumes a collision based interaction of the particles, and based on the 
PEPT data and experimental work this will only be the case when the fill volume of the 
kneading zones is below 100% (assuming no densification of the contents).  Above the 
critical threshold of 100% (see section 5.3.3.3) the particles are subject to significantly 
higher shear forces and the interaction of particles changes from kinetic based collisions to 
shear induced interaction nullifying the selected model. 
Secondly gaining sufficient understanding of the physical properties of the wet mix as it 
passes through the TSG is extremely difficult given the complex interaction taking place.  A 
number of high level assumptions will need to be taken in order to show the use of the 
model in predicting collisions. 
5.4.2. What does the model show with regard to the experimental result 
The following assumptions have been made before the experimental data is assessed: 
1) The maximum possible collision velocity is based upon the tip speed of the 
granulator barrels.  Table 5.2 shows the maximum velocity for a range of granulation 
speeds: 
Table 5.2 - Maximum collision speeds for particles based upon tip speed of granulator barrels 
Barrel speed (rpm) 600 650 700 750 800 850 
tip speed (m/s) 0.79 0.85 0.92 0.98 1.05 1.11 
The speeds measured during the PEPT studies are also in the same region showing 
that this assumption supplies data in the correct region. 
2) Based upon the studies undertaken using API 1, a maximum particle size of 100 µm 
has been assumed for the dry powder.  The assessment of the Stokes numbers will be 
based upon initial collisions between particles measuring 100 µm or less.   
3) The viscosity of the binder is assumed to be constant and equal to that of water at 25 
o
C. 
4) Other values required have been taken from table 2.4 
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Figure 5.15 shows results of the model using the data from API 1 studies for a number of 
different particle diameter ratios. 
 
Figure 5.15 - Model prediction of collision in API 1 experimental studies 
The model predicts that collisions between large and large particles (as d1/d2 → 1) results 
mostly in rebound collisions.  As the ratio of d1 to d2 tends towards zero, i.e. the collision 
occurs between the largest and the smallest particles the model predicts that all of collisions 
will be successful and form agglomerates (d1/d2 ≤ 0.06).  This aligns in with the 
experimental results that show agglomeration where larger particles act to mop up the fine 
particles within the process.  This is shown in the SEM images in figures 3.14 to 3.19. 
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The model does not predict however the secondary agglomeration of the larger granules 
under the same conditions.  
5.4.3. Effect of binder viscosity on collisions. 
The model does not predict the secondary agglomeration of larger granules agglomerating 
together with other larger particles based on the starting values assessed in section 5.4.2.   
This is most likely due to the prediction that the viscosity of the binder layer does not alter 
in either is viscosity or thickness.  Despite the extremely short processing time for 
granulation (~5s) in comparison to more conventional batch processing (15 mins) 
dissolution in the raw materials will still take place, therefore changing the viscosity of the 
binder layer.  In fact PVP is added to formulations to aid in the binding of the particles not 
only as they dry by forming solid bridges but because it causes and increase in the viscosity 
of the binder fluid.  Consider that for the API 1 trials there were 11.3 g/min of PVP going 
through the granulator along with the other materials.  If even a fraction of this was to 
dissolve in the binder layer within the processing time, it would greatly alter the binder layer 
properties.  Evidence for the dissolution of this material, along with the HPMC can be seen 
in the final granule SEM images, as neither the easily identifiable particle shapes of PVP or 
HPMC can be distinguished in the granules.  It is unclear at this time if the particles of PVP 
and HPMC fully dissolve in the granulator, or if they take longer and are still dissolving 
during the initial drying phase when particles are still moist. 
To address this issue, a number of scenarios can be plotted based on the percentage of the 
total PVP in the system that dissolves in the binder layer.  The analysis focuses on the larger 
particle collisions (d1/d2 = 1).  To carry out this analysis, the viscosity of the PVP in water is 
calculated using a rearranged form of the Fikentscher equation [Swei and Talbot, 2002].  
This equation uses the K value of the PVP (a number used by manufactures to describe the 
extent of polymerisation within the PVP) and the concentration of PVP in the solution to 
calculate the viscosity.  The Fikentscher equation is given in equation 5.1: 
      
2
2
003.015.0
log5.1log5.1log300
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ccccc
K
relrelrel




 
 Eqn. 5.1 
Here c is the concentration of PVP in g/100ml and µrel is the relative viscosity of the PVP 
solution in relation to that of the water.  Using this relationship, the effect of increasing PVP 
in the binder layer has been assessed and its predicted effect on the outcomes of collisions 
between similar sized particles is shown in figure 5.16: 
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Figure 5.16 - Changes in binder layer viscosity and its effect on large particle (d1/d2 = 1) collisions 
This figure shows that it only takes 10% of the total PVP in the system to dissolve to change 
the system such that all collisions between two large particles result in successful collision 
(i.e. entire line under the boundary between regime II collision and rebound).  This is 
because the increased viscosity of the liquid layer absorbs more of the kinetic energy of the 
collision between the two particles.   
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6. Conclusions 
6.1. Summary of current literature 
The review of the literature highlighted two key areas of fundamental understanding that 
was reviewed before the experimental work using the TSG was conducted: 
 Particle – particle interactions 
 Wet granulation mechanisms 
After a careful review of the particle-particle interactions the five different types of 
interactions were reduced to two with respect to the TSG: 
 Interfacial forces and capillary pressures at freely moving liquid surfaces 
 Inter-particle forces such as Van der Waals or electrostatic. 
Other mechanisms were ignored as they were not going to be of interest.  The inter-particle 
forces were then shown to be at least an order of magnitude lower than those due to the 
presence of liquid and as such would not be considered further. 
In wet granulation the typical mechanisms recorded in literature are described in figure 2.5 
where the main steps of granulation are wetting, growth, consolidation and breakage.  
Numerous models exist for the different stages of granulation and the report assesses one 
such model that uses both the viscous Stokes number and the Stokes number of deformation 
to predict the outcome of collisions between particle.  A critical assessment of the model 
showed the following limitation to the model: 
 Capillary forces are ignored in the model as it is assumed that viscous forces alone 
act during the collisions.  An assessment of the respective magnitudes of the 
capillary and viscous forces show that capillary forces can be as high, if not higher 
than viscous forces but capillary forces require time to form.  An assessment of the 
dynamic capillary forces has not been conducted. 
 When applying the model to the TSG the particle motion needs to be understood in 
order to show that the model is the correct one for the scenario.  The model assumes 
that the particles collide together and are allowed to rebound without resistance, 
which would not be the case if the particles are subjected to high shear forces and 
pressures. 
Another aspect of the literature survey was to assess why continuous manufacture is 
important to pharmaceutical manufacture, as it is an industry that has been ruled by batch 
Conclusion  University of Surrey 
James Holman   Page 194 of 228 
processing for decades.  The view of the regulatory body has been assessed as well as work 
on the efficiency of potential continuous processes compared to batch processing. 
Finally studies using a TSG for pharmaceutical manufacture have been reviewed and it is 
shown that although a number of different studies have taken place in recent years, all of 
them focus on the empirical relationships between the operating parameters and the final 
product quality.  No studies have yet attempted to map the fundamental mechanisms of 
granulation onto the TSG and show that through experimental work. 
Of the work that has been conducted, the studies show that the TSG can be an effective 
device when used as a tool for wet granulation, and that small changes in the operating 
parameters can be shown to have a measurable effect on the granule structure. 
6.2. Summary of experimental work 
The experimental work focused around the use of twin screw granulation as shown in figure 
3.1.  Three different formulations were tested using the continuous granulator, one based 
around lactose as the main component, and the other two based around two different API’s 
(known as API 1 and API 2 in this report). 
The experimental work used structured design of experiments to build up an understanding 
of the TSG and show the different mechanisms at work within the TSG.  Changes in 
operating parameters to show changes on these mechanisms were conducted and assessed. 
The effect of changes in the granulation were also then shown propagating through the 
remaining unit operations, with the overall process taking the initial powder blend and 
transforming it into the final solid oral dose products (i.e. compressed tablets in this case). 
The studies show that the TSG can be used to change granule properties that can affect the 
final properties of the compressed granule, making the combined process a powerful tool in 
the development and investigation of pharmaceutical products.  Data collected through these 
studies showed that when compared to the batch processes used during current 
pharmaceutical development the continuous process is capable of conducting an order of 
magnitude more experimental points whilst using almost an order of magnitude less 
material. 
PEPT (Positron Emission Particle Tracking) data has been used to assess the motion of the 
particle as it passes through the TSG.  The effect of the different operating conditions on 
particle motion and residence time within different granulator designs was also investigated 
as part of the study. 
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6.3. Summary of findings 
The experimental work focused on three different formulations: Lactose, API 1 and API 2.  
The results of the experimental studies on granulation using the TSG all yielded similar 
results when looking at responses to process changes on granule properties.  
The experimental work went on to combine the wet granulation process with other common 
pharmaceutical operations such as fluid bed drying and tableting and showed that changes in 
the wet granulation can be detected in final tablet properties.  This highlights the importance 
of process understanding and control in the initial granulation and its effect on final product 
quality. 
The other process stages are shown to have a considerable effect on the final product quality 
and the findings of the experimental work – not least is the dry mill that is used between 
fluid bed drying and compression.  This stage acts to reduce the overall particle size whilst 
significantly tightening the distribution of the granules and eliminating fluctuations in the 
granules exiting the fluid bed dryer.  For experimental studies this is not helpful but for a 
commercial process this smoothing effect is a useful benefit of the combined process 
studied. 
The granules produced using the TSG were visually assessed using SEM imaging and it was 
shown that the structure of the granules made by the continuous process was significantly 
different to that of a traditional process.  Whilst traditional granules (figure 5.11 and figure 
5.12) were rounded and made up of particles collected as the granules tumbled around the 
process, the TSG granules were roughly shaped (figure 5.13 and figure 5.14) and showed 
that granules were made up of single large particles with smaller particles agglomerated 
around them, but this difference had no distinguishable effect on the final tablet properties. 
Alongside the experimental program developed for this investigation data was supplied from 
PEPT studies on the TSG.  This data enabled the motion of a single particle to be tracked as 
it passes through the TSG and the combination of repeat passes enabled the motion within 
the TSG to be assessed for different conditions. 
The results clearly show that increasing the speed of the granulator decreases the residence 
time as expected.  What is of most interest is that in the kneading zone directly after liquid 
addition the time the particle spends in that zone in relation to the overall time is solely 
dependent on the granulation speed of the barrels. 
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Also the time spent in the final ‘breakage’ zone as a percentage of the overall time increases 
with increasing barrel speed indicating that the particle spends a greater fraction of its time 
in this final zone. 
The model developed by Liu et al [2001] that uses Stokes numbers was used to predict the 
outcome of collisions in wet granulation was applied to the TSG for some operating 
conditions, but the limitation in the model restricts its usefulness.  The model is also 
hampered by the experimental findings that indicate that the TSG can exists in two different 
granulation ‘modes’ depending upon the fill level of the device.  One of these zones (under 
100% will result in lower pressure collision based granulation within the kneading zones) 
whilst the other (100% or over) will result in a high shear situation that the model does not 
cover. 
The model can be used to predict the successful collisions of the larger particles to the 
smaller particles as detected in the SEM imaging of granules made using the TSG.  Also, 
once the changing viscosity of the binder is taken into consideration due to components in 
the initial dry powder blends the subsequent agglomeration of these larger particles into 
clusters of granules can also be explained. 
Using the findings from the experimental studies, PEPT studies and literature review a map 
of the fundamental mechanisms was created showing the progression of mechanisms along 
the TSG. 
The experimental work was also fed into the Stokes model identified in the literature review 
to back up the SEM findings that collisions between smaller and large particles were far 
more likely to succeed than collisions between similar sized ones (figure5.15).  The 
secondary agglomeration of these granules is due to the increasing viscosity of the binder as 
components in the mix dissolve (figure 5.16).   
The dissertation has shown that continuous processing using the Twin Screw Granulator is 
capable of producing pharmaceutical products to the same level of quality as current 
processes.  The continuous set up outline in this study is capable of conducting experimental 
development work in a fraction of the time of current batch processes, whilst generating the 
data required for ‘quality be design’ now required by the FDA and the EMEA. 
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6.4. Recommended future studies for the TSG 
6.4.1. Theoretical modelling 
Adaptation of Stokes to include capillary models:  This report has shown that the capillary 
forces within the TSG could be significant and should not be ignored in the theoretical 
model.  A study to gauge the dynamic strength of the capillary forces would yield significant 
insight into the magnitude of these forces with respect to the viscous forces that are assumed 
dominant. 
PBM’s for model application:  The use of population balances will aid the Stokes number 
model to generate a more accurate prediction of the overall granule size distribution in 
modelling.  A worthwhile future study into modelling of a TSG should investigate the use of 
these methods. 
6.4.2. Experimental studies 
PEPT studies:  Further PEPT studies undertaken using formal DoE methods would enable a 
more accurate study of motion within the TSG.  The number of runs for each step should 
also be increased to generate statistically robust data.  Furthermore, the development of 
smaller tracer particles with an increased accuracy of positioning would further benefit the 
understanding of the technology. 
Finally the PEPT studies should not overlook the various different granulator barrel designs 
that are commercially available and an assessment of the effect of particle motion would be 
worthwhile. 
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Appendix 3.1 – Pump curves for Lactose studies 
Water only 
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Appendix 3.2 – API 1 wet granulation DoE raw data 
Granulator DoE design and response 
DOE Run 
number 
DoE Condition 
Time sample 
taken 
Granulator 
speed (rpm) 
dry powder mass 
flow (kg/hr) 
Water Addition 
rate (g/min) 
Average Torque 
(Nm) 
Torque SD - over 120 
1 s points 
1 3 16:15:00 750 27.0 21.0 1.619 0.180 
2 4 16:18:00 750 24.0 24.0 2.082 0.211 
3 6 16:35:00 675 27.0 24.0 1.832 0.212 
4 3 16:38:00 750 27.0 21.0 1.289 0.118 
5 6 16:41:00 675 27.0 24.0 2.157 0.158 
6 8 16:44:00 675 24.0 24.0 1.893 0.176 
7 4 16:46:30 750 24.0 24.0 1.417 0.120 
8 2 16:51:00 750 24.0 21.0 1.377 0.111 
9 5 16:55:00 750 27.0 24.0 1.454 0.121 
10 7 16:58:30 675 27.0 21.0 1.547 0.196 
11 1 17:02:00 712.5 25.5 22.5 1.476 0.146 
12 9 17:05:00 675 24.0 21.0 1.517 0.150 
13 2 17:07:30 750 24.0 21.0 1.428 0.138 
14 1 17:10:30 712.5 25.5 22.5 1.516 0.158 
15 4 17:14:00 750 24.0 24.0 1.542 0.139 
16 7 17:17:00 675 27.0 21.0 1.761 0.259 
17 8 17:20:30 675 24.0 24.0 2.340 0.157 
18 5 17:23:00 750 27.0 24.0 1.592 0.126 
19 2 17:26:30 750 24.0 21.0 1.526 0.133 
20 5 17:30:00 750 27.0 24.0 1.662 0.145 
21 6 17:32:30 675 27.0 24.0 2.850 0.174 
22 1 17:36:00 712.5 25.5 22.5 1.703 0.131 
23 7 17:39:00 675 27.0 21.0 2.417 0.149 
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DOE Run 
number 
DoE Condition 
Time sample 
taken 
Granulator 
speed (rpm) 
dry powder mass 
flow (kg/hr) 
Water Addition 
rate (g/min) 
Average Torque 
(Nm) 
Torque SD - over 120 
1 s points 
24 9 17:41:30 675 24.0 21.0 2.056 0.209 
25 8 17:45:00 675 24.0 24.0 2.650 0.163 
26 9 17:48:30 675 24.0 21.0 2.240 0.159 
27 3 17:51:00 750 27.0 21.0 1.626 0.130 
28 1 17:54:30 712.5 25.5 22.5 2.054 0.153 
 
Particle Size Distribution Results 
Sample 
Number 
DoE 
Condition 
850 µm 425 µm 250 µm 180 µm 150 µm 75 µm 53 µm 45 µm pan 
1 3 0.2839 0.1723 0.1253 0.0711 0.0434 0.1638 0.1155 0.0137 0.0108 
2 4 0.5700 0.1511 0.0864 0.0447 0.0240 0.0791 0.0310 0.0090 0.0047 
3 6 0.4518 0.1697 0.0981 0.0535 0.0341 0.1252 0.0579 0.0080 0.0017 
4 3 0.2437 0.1991 0.1399 0.0787 0.0491 0.1785 0.0973 0.0075 0.0060 
5 6 0.5336 0.1461 0.0889 0.0493 0.0286 0.1039 0.0416 0.0070 0.0010 
6 8 0.5432 0.1593 0.0877 0.0469 0.0268 0.0880 0.0371 0.0080 0.0030 
7 4 0.4616 0.1787 0.1052 0.0548 0.0314 0.1039 0.0481 0.0097 0.0067 
8 2 0.4165 0.2014 0.1364 0.0757 0.0323 0.0994 0.0297 0.0057 0.0030 
9 5 0.4260 0.1849 0.1232 0.0623 0.0338 0.1179 0.0392 0.0077 0.0050 
10 7 0.3349 0.1807 0.1311 0.0719 0.0428 0.1559 0.0649 0.0100 0.0077 
11 1 0.4449 0.1951 0.1209 0.0581 0.0354 0.1002 0.0361 0.0057 0.0037 
12 9 0.4250 0.1785 0.1135 0.0613 0.0338 0.1249 0.0489 0.0074 0.0067 
13 2 0.3142 0.1928 0.1284 0.0674 0.0430 0.1464 0.0844 0.0125 0.0110 
14 1 0.3878 0.1618 0.1160 0.0652 0.0363 0.1364 0.0752 0.0124 0.0090 
15 4 0.4651 0.1761 0.1056 0.0540 0.0315 0.1053 0.0483 0.0121 0.0020 
16 7 0.3277 0.1802 0.1248 0.0687 0.0410 0.1555 0.0774 0.0133 0.0113 
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Sample 
Number 
DoE 
Condition 
850 µm 425 µm 250 µm 180 µm 150 µm 75 µm 53 µm 45 µm pan 
17 8 0.5948 0.1355 0.0784 0.0397 0.0240 0.0768 0.0360 0.0097 0.0050 
18 5 0.4106 0.1845 0.1160 0.0578 0.0356 0.1220 0.0555 0.0103 0.0076 
19 2 0.3469 0.1861 0.1335 0.0702 0.0403 0.1375 0.0619 0.0126 0.0110 
20 5 0.3487 0.1783 0.1631 0.0434 0.0342 0.1200 0.0565 0.0434 0.0125 
21 6 0.5422 0.1413 0.0823 0.0450 0.0267 0.0940 0.0493 0.0127 0.0067 
22 1 0.3249 0.1691 0.1311 0.0804 0.0474 0.1524 0.0720 0.0127 0.0100 
23 7 0.3534 0.1572 0.1079 0.0670 0.0410 0.1639 0.0873 0.0137 0.0087 
24 9 0.3800 0.1650 0.1117 0.0640 0.0390 0.1413 0.0730 0.0160 0.0100 
25 8 0.5197 0.1469 0.0945 0.0525 0.0310 0.0960 0.0450 0.0100 0.0045 
26 9 0.4213 0.1643 0.1062 0.0606 0.0356 0.1318 0.0666 0.0100 0.0035 
27 3 0.2540 0.1747 0.1299 0.0760 0.0489 0.1804 0.1198 0.0117 0.0047 
28 1 0.4481 0.1406 0.0932 0.0561 0.0352 0.1390 0.0720 0.0129 0.0030 
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Appendix 3.3 – Experimental analysis methods 
Introduction 
The following section will outline the measurement techniques that were used to 
characterise the physical properties of the material used during the experimental trials. 
Moisture content 
The moisture content of the initial dry powder blend, the wet granule and the dried granule 
was measured using a loss on drying (LOD) technique.  This technique used a precision 
balance with a heating element above it to dry out the sample and measure the moisture lost.  
A MSA (measurement systems analysis) shows that with the method used during testing, the 
variance in the reading using this method over 30 readings was ±0.11% with a standard 
deviation of 0.0288 % in the readings.  By conducting multiple readings the standard 
deviation was reduced as follows: 
 Sample size = 1,  Estimate of SD 0.0288% 
 Sample size = 3,  Estimate of SD 0.0171% 
 Sample size = 5,  Estimate of SD 0.0085% 
Samples were taken from the process and stored in containers with hermetic seals to ensure 
that the sample did not lose moisture over time.  Testing showed that over a period of 48 
hours the result of moisture content testing did not alter outside the error given by the 
measurement technique.  The granules were tested on one of three LOD meters (model 
types: Computrac 2000XL or Computrac 1000) at the following settings: 
o Sample mass:  10.0 g ± 1.0 g  
o Test temperature:  80 oC 
o End point:  0.010% change per minute 
Particle size distribution 
The particle size distribution (PSD) was measured using sieve analysis.  The test involves 
selecting a number of sieves and arranging them in order of largest to smallest.  The sieve 
stack is then placed on a vibrating plate that runs at given amplitude, therefore enabling 
control of the vibration strength.  The sample is sieved through a policing mesh that has a 
2mm mesh spacing to ensure that any vastly oversized material or contamination is 
removed. The sample is then placed into the top sieve and the stack is given a set period of 
time during which smaller particles fall through the sieves until they cannot pass though the 
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next smaller sieve.  The mass of powder on each sieve is then measured to give a mass 
distribution for particles in each size range.  The tests were run as follows: 
o Sieve Sizes:  Given in table 3.1.  Sieve sizes are given as Tyler mesh size 
(openings per square inch) or in the width of a single opening in µm : 
Table 3.1 - Mesh sizes used for PSD testing 
Mesh 20 40 60 80 100 200 270 325 Pan 
µm 850 425 250 180 150 75 53 45 Pan 
o Vibration Amplitude:  2.5 mm 
o Vibration Time:  10 minutes 
Particle size distributions can be displayed in numerous ways.  For the purpose of this study 
the following methods will be used to ensure consistency. 
Cumulative particle size plots 
A cumulative size plot shows the increase in mass below a particle size over the range of 
mesh sizes measured.  An example plot is shown below in figure 3.1.   
 
Figure 3.1 – Typical cumulative particle size distribution plot, along with d10, d50 and d90 lines 
Three variables have been defined to show differences in the cumulative plot from sample to 
sample: 
 d10 – The diameter at which 10% of the particles are under the size, and 90% are over 
the predicted size (blue short dotted line on figure 3-1). 
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 d50 – The diameter at which 50 % of the particles are over the size, and 50% are 
under the predicted size (red long dotted line on figure 3-1). 
 d90 - The diameter at which 90% of the particles are under the size, and 10% are over 
the predicted size (green dashed and dotted line on figure 3-1). 
The method of PSD measurement is also important when comparing results.  Data gathered 
using a sieve stack method will not directly align with other methods such as laser 
diffraction and image analysis, but trends in particle size will be tracked and these trends are 
likely to be independent of the measurement technique. 
Powder density 
The bulk and tapped powder density was measured using a volumetric cylinder and a tap 
tester.  The measurement of bulk density is taken by weighing out a specific amount of 
powder and then pouring it into the measurement cylinder via a funnel.  The volume taken 
up by the powder is then measured in ml before the cylinder is placed on the tap tester.  A 
pre defined number of taps is then carried out on the cylinder, acting to compact the powder 
within the cylinder.  When finished, the final tap volume is taken.  The measurement 
technique is set up as follows: 
o Sample mass:  100.0g ± 1.0 g 
o Sample cylinder volume:  250 ml max 
o Number of taps 1500 
The number of taps was assessed and it was shown during testing that the tap density is 
actually constant after 1250.  To ensure consistent readings 1500 taps was taken to ensure 
complete compaction of the powder column.  At 1500 taps the standard deviation on 
readings has been shown to be ±0.35%. 
  
Appendix 3.3– Experimental analysis methods University of Surrey 
James Holman   Page 210 of 228 
 
Tablet weight 
Tablet weights were measured using a sample of 10 tablets.  The scales used had an 
accuracy of ±0.0001 g 
Tablet Friability 
Tablet Friability was conducted on an automated tablet friability tester in line with 
pharmacopeia standards.  The standards are outlined in: 
http://www.who.int/medicines/publications/pharmacopoeia/TabletFriability_QAS11-
414_FINAL_MODIFIED_March2012.pdf  
Tablet disintegration 
Tablet disintegration was conducted using a Kramer tablet disintegration tester in line with 
the pharmacopeia guides: 
http://apps.who.int/phint/en/p/docf/ 
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Appendix 3.4 – Centre line results of granule testing 
Un milled samples 
 
 Mass Fraction (µm) 
   
Sample number Group # 850 425 250 180 150 75 53 45 1 d50 
Bulk 
density 
Tapped Density 
(after 1500 taps) 
250907-013 1 0.06 0.09 0.19 0.17 0.09 0.23 0.12 0.05 0.00 151.96 0.468 0.589 
250907-021 2 0.03 0.06 0.21 0.19 0.08 0.28 0.11 0.03 0.01 142.03 0.474 0.540 
250907-028 2 0.02 0.06 0.23 0.18 0.09 0.27 0.11 0.03 0.01 147.38 0.489 0.579 
250907-036 2 0.02 0.06 0.21 0.18 0.09 0.28 0.11 0.05 0.01 120.60 0.456 0.548 
250907-044 2 0.02 0.07 0.23 0.18 0.08 0.26 0.11 0.04 0.00 146.25 0.450 0.542 
250907-053 3 0.05 0.10 0.23 0.18 0.09 0.25 0.07 0.02 0.01 160.00 0.473 0.591 
250907-054 3 0.04 0.09 0.21 0.16 0.08 0.28 0.11 0.02 0.01 151.42 0.472 0.556 
250907-055 3 0.07 0.11 0.19 0.15 0.08 0.25 0.10 0.04 0.01 153.10 0.486 0.561 
250907-056 3 0.05 0.09 0.20 0.16 0.08 0.27 0.10 0.04 0.01 152.81 0.481 0.543 
250907-057 3 0.09 0.12 0.20 0.15 0.07 0.24 0.09 0.03 0.01 163.82 0.480 0.555 
250907-058 3 0.10 0.15 0.22 0.15 0.07 0.19 0.07 0.03 0.01 175.07 0.495 0.567 
250907-066 4 0.08 0.11 0.21 0.17 0.08 0.25 0.08 0.02 0.00 161.20 0.478 0.597 
250907-079 4 0.11 0.12 0.22 0.16 0.08 0.22 0.06 0.02 0.01 169.57 0.459 0.537 
250907-087 4 0.13 0.13 0.22 0.15 0.07 0.20 0.07 0.01 0.01 177.29 0.456 0.539 
250907-093 4 0.07 0.11 0.21 0.17 0.08 0.25 0.08 0.03 0.00 161.75 0.456 0.534 
260907-101 4 0.04 0.09 0.24 0.18 0.09 0.25 0.08 0.02 0.01 160.19 0.443 0.527 
260907-112 4 0.04 0.09 0.22 0.18 0.08 0.27 0.09 0.02 0.01 154.30 0.463 0.543 
260907-126 5 0.02 0.06 0.20 0.19 0.10 0.30 0.09 0.03 0.00 131.25 0.467 0.536 
260907-134 5 0.03 0.08 0.20 0.17 0.08 0.28 0.09 0.05 0.01 130.59 0.473 0.583 
260907-142 5 0.03 0.07 0.19 0.17 0.08 0.30 0.11 0.04 0.01 119.30 0.458 0.574 
260907-148 6 0.04 0.08 0.20 0.18 0.08 0.28 0.10 0.03 0.01 152.57 0.452 0.576 
260907-155 7 0.03 0.08 0.23 0.18 0.09 0.27 0.08 0.03 0.01 152.6 0.457 0.547 
260907-162 7 0.03 0.06 0.25 0.17 0.09 0.24 0.12 0.04 0.00 151.8 0.451 0.551 
260907-170 7 0.03 0.08 0.22 0.18 0.09 0.26 0.10 0.03 0.00 152.0 0.461 0.540 
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 Mass Fraction (µm) 
   
Sample number Group # 850 425 250 180 150 75 53 45 1 d50 
Bulk 
density 
Tapped Density 
(after 1500 taps) 
260907-178 7 0.00 0.07 0.24 0.19 0.09 0.25 0.11 0.03 0.01 151.2 0.447 0.551 
260907-192 7 0.01 0.10 0.22 0.18 0.10 0.27 0.10 0.02 0.01 152.8 0.448 0.557 
260907-200 7 0.00 0.09 0.23 0.17 0.09 0.29 0.08 0.03 0.01 149.1 0.452 0.552 
260907-209 7 0.01 0.08 0.24 0.17 0.10 0.28 0.09 0.02 0.01 150.8 0.445 0.540 
260907-218 7 0.30 0.10 0.22 0.17 0.09 0.25 0.11 0.03 0.01 159.4 0.455 0.557 
Milled samples 
 
 
  
Mass Fraction  
   
Sample number 
Group 
# 
LOD 
Average (%) 
LOD SD 850 425 250 180 150 75 53 45 0 d50 
Bulk 
density 
Tapped Density 
(after 1500 taps) 
250907-002 1 1.1394 0.02737 0.00 0.02 0.16 0.16 0.09 0.26 0.15 0.15 0.01 69.00 0.528 0.672 
250907-003 1 1.1568 0.03651 0.00 0.07 0.20 0.16 0.07 0.22 0.15 0.13 0.01 74.95 0.504 0.672 
250907-004 1 1.1768 0.01614 0.00 0.04 0.19 0.16 0.08 0.25 0.14 0.11 0.03 72.49 0.526 0.615 
250907-005 1 1.1694 0.0326 0.00 0.05 0.17 0.15 0.09 0.25 0.15 0.08 0.06 71.38 0.511 0.596 
250907-006 1 1.211 0.01094 0.00 0.06 0.18 0.16 0.07 0.24 0.15 0.11 0.04 72.38 0.529 0.661 
250907-007 1 1.2232 0.03125 0.00 0.04 0.19 0.15 0.09 0.25 0.16 0.09 0.03 72.26 0.531 0.664 
250907-008 1 1.2112 0.0169 0.00 0.04 0.17 0.16 0.08 0.26 0.13 0.07 0.07 71.29 0.528 0.661 
250907-009 1 1.2756 0.07929 0.00 0.05 0.19 0.17 0.07 0.26 0.15 0.07 0.04 73.45 0.508 0.598 
250907-010 1 1.2086 0.04594 0.00 0.03 0.17 0.16 0.09 0.27 0.13 0.07 0.07 71.44 0.551 0.604 
250907-011 1 1.1404 0.20171 0.00 0.04 0.17 0.17 0.09 0.26 0.15 0.07 0.06 72.18 0.527 0.604 
250907-012 1 1.154 0.0703 0.00 0.03 0.15 0.16 0.09 0.28 0.14 0.07 0.07 69.89 0.553 0.607 
250907-014 1 1.053 0.03566 0.00 0.04 0.13 0.15 0.08 0.30 0.16 0.08 0.06 67.80 0.523 0.605 
250907-015 1 1.1414 0.18247 0.00 0.02 0.14 0.16 0.10 0.29 0.15 0.07 0.06 69.56 0.521 0.626 
250907-016 2 1.1164 0.12757 0.00 0.03 0.16 0.17 0.08 0.29 0.15 0.08 0.04 71.06 0.513 0.598 
250907-017 2 1.129 0.02767 0.00 0.02 0.15 0.16 0.09 0.30 0.14 0.07 0.06 69.50 0.516 0.589 
250907-018 2 1.0702 0.09451 0.00 0.03 0.15 0.17 0.08 0.30 0.15 0.07 0.05 69.97 0.510 0.594 
250907-019 2 1.0784 0.02757 0.00 0.02 0.14 0.17 0.10 0.29 0.15 0.08 0.04 70.46 0.523 0.598 
250907-020 2 1.11 0.04841 0.00 0.02 0.16 0.18 0.09 0.30 0.13 0.08 0.04 71.38 0.522 0.596 
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Mass Fraction  
   
Sample number 
Group 
# 
LOD 
Average (%) 
LOD SD 850 425 250 180 150 75 53 45 0 d50 
Bulk 
density 
Tapped Density 
(after 1500 taps) 
250907-022 2 1.0552 0.03219 0.00 0.02 0.14 0.16 0.10 0.31 0.15 0.08 0.04 69.05 0.522 0.590 
250907-023 2 1.0298 0.04999 0.00 0.02 0.14 0.16 0.09 0.31 0.14 0.07 0.06 69.08 0.510 0.594 
250907-024 2 1.0362 0.05623 0.00 0.05 0.18 0.15 0.08 0.26 0.14 0.07 0.08 71.47 0.522 0.596 
250907-025 2 1.1368 0.07745 0.00 0.02 0.20 0.19 0.09 0.28 0.12 0.07 0.03 75.70 0.493 0.598 
250907-026 2 1.0064 0.04946 0.00 0.02 0.15 0.17 0.10 0.32 0.14 0.07 0.05 70.18 0.487 0.564 
250907-027 2 1.0114 0.05304 0.00 0.02 0.16 0.19 0.09 0.31 0.13 0.05 0.04 72.86 0.526 0.594 
250907-029 2 1.0654 0.05111 0.00 0.02 0.15 0.17 0.10 0.31 0.16 0.07 0.03 70.22 0.523 0.661 
250907-030 2 1.0322 0.05124 0.00 0.04 0.15 0.14 0.08 0.28 0.13 0.07 0.10 68.27 0.521 0.626 
250907-031 2 1.0078 0.08826 0.00 0.05 0.16 0.15 0.07 0.27 0.14 0.06 0.10 69.38 0.528 0.669 
250907-032 2 1.0478 0.05736 0.00 0.02 0.17 0.18 0.09 0.30 0.13 0.06 0.06 71.58 0.483 0.591 
250907-033 2 1.0114 0.05217 0.00 0.02 0.15 0.17 0.09 0.31 0.15 0.07 0.03 70.77 0.472 0.562 
250907-034 2 0.9922 0.07049 0.00 0.01 0.15 0.17 0.10 0.31 0.14 0.07 0.04 70.29 0.522 0.563 
250907-035 2 1.0718 0.0462 0.00 0.02 0.18 0.19 0.09 0.30 0.13 0.05 0.05 73.28 0.526 0.594 
250907-037 2 1.0546 0.05978 0.00 0.02 0.15 0.17 0.08 0.31 0.15 0.06 0.04 69.83 0.502 0.593 
250907-038 2 0.9778 0.01986 0.00 0.04 0.14 0.14 0.07 0.27 0.15 0.07 0.11 66.47 0.512 0.635 
250907-039 2 1.047 0.04093 0.00 0.03 0.19 0.18 0.09 0.28 0.12 0.06 0.05 74.31 0.494 0.589 
250907-040 2 1.1132 0.05391 0.00 0.03 0.16 0.17 0.08 0.31 0.15 0.06 0.04 71.06 0.498 0.592 
250907-041 2 1.0406 0.18084 0.00 0.02 0.17 0.18 0.10 0.29 0.14 0.09 0.02 72.59 0.481 0.596 
250907-042 2 0.9788 0.045 0.00 0.02 0.17 0.18 0.09 0.29 0.12 0.06 0.06 72.09 0.503 0.605 
250907-043 2 1.0524 0.07732 0.00 0.02 0.16 0.17 0.09 0.31 0.13 0.07 0.05 70.96 0.488 0.602 
250907-046 3 1.1586 0.05532 0.00 0.02 0.15 0.16 0.09 0.32 0.14 0.07 0.06 69.40 0.510 0.602 
250907-047 3 1.0326 0.04799 0.00 0.02 0.15 0.18 0.09 0.30 0.14 0.06 0.06 70.64 0.511 0.619 
250907-048 3 1.0918 0.04336 0.00 0.01 0.16 0.18 0.10 0.30 0.14 0.08 0.03 71.15 0.494 0.587 
250907-049 3 1.108 0.02857 0.00 0.02 0.17 0.17 0.09 0.30 0.12 0.07 0.05 71.69 0.502 0.604 
250907-050 3 1.0954 0.04202 0.00 0.02 0.18 0.18 0.09 0.30 0.13 0.05 0.05 72.76 0.495 0.588 
250907-051 3 1.0192 0.05234 0.00 0.03 0.17 0.17 0.10 0.28 0.15 0.07 0.04 71.59 0.512 0.612 
250907-052 3 0.9602 0.14088 0.00 0.03 0.17 0.16 0.10 0.28 0.15 0.06 0.06 71.19 0.512 0.652 
250907-059 3 1.019 0.06784 0.00 0.03 0.17 0.16 0.08 0.30 0.12 0.08 0.05 70.88 0.501 0.596 
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Mass Fraction  
   
Sample number 
Group 
# 
LOD 
Average (%) 
LOD SD 850 425 250 180 150 75 53 45 0 d50 
Bulk 
density 
Tapped Density 
(after 1500 taps) 
250907-060 3 0.9642 0.08415 0.00 0.02 0.18 0.18 0.10 0.28 0.11 0.07 0.06 73.45 0.512 0.612 
250907-061 3 1.0852 0.04314 0.00 0.03 0.17 0.16 0.08 0.29 0.14 0.06 0.07 70.75 0.523 0.605 
250907-062 3 1.1142 0.04506 0.00 0.03 0.16 0.15 0.09 0.30 0.14 0.06 0.07 69.44 0.513 0.605 
250907-063 3 1.0766 0.03005 0.00 0.01 0.14 0.16 0.10 0.31 0.13 0.07 0.07 69.18 0.503 0.606 
250907-064 3 1.086 0.0352 0.00 0.03 0.12 0.14 0.08 0.32 0.16 0.06 0.09 66.19 0.507 0.590 
250907-065 4 1.1292 0.03344 0.00 0.04 0.17 0.15 0.08 0.27 0.12 0.08 0.09 70.46 0.523 0.610 
250907-067 4 1.0172 0.02478 0.00 0.03 0.14 0.15 0.10 0.30 0.15 0.06 0.07 68.98 0.528 0.620 
250907-068 4 1.0694 0.12157 0.00 0.04 0.16 0.15 0.08 0.28 0.13 0.07 0.10 69.27 0.510 0.612 
250907-069 4 0.8978 0.09256 0.00 0.03 0.13 0.16 0.08 0.29 0.14 0.06 0.11 67.21 0.500 0.595 
250907-070 4 1.148 0.02337 0.00 0.02 0.15 0.17 0.09 0.30 0.13 0.08 0.07 69.63 0.499 0.607 
250907-071 4 1.0986 0.05212 0.00 0.02 0.16 0.18 0.09 0.31 0.13 0.05 0.07 70.78 0.490 0.637 
250907-072 4 1.1042 0.04562 0.00 0.03 0.16 0.15 0.09 0.29 0.15 0.07 0.06 69.61 0.513 0.614 
250907-073 4 1.167 0.03718 0.00 0.03 0.14 0.14 0.09 0.31 0.15 0.07 0.06 68.29 0.502 0.604 
250907-074 4 0.6362 0.02664 0.00 0.02 0.11 0.15 0.09 0.32 0.15 0.08 0.07 66.52 0.545 0.660 
250907-076 4 0.7102 0.01717 0.00 0.02 0.09 0.11 0.08 0.29 0.16 0.09 0.16 59.75 0.559 0.690 
250907-077 4 1.119 0.05811 0.00 0.03 0.13 0.13 0.07 0.27 0.17 0.08 0.12 63.36 0.506 0.642 
250907-078 4 1.0778 0.02755 0.00 0.03 0.13 0.13 0.08 0.28 0.16 0.07 0.12 64.44 0.502 0.628 
250907-080 4 1.0412 0.03464 0.00 0.02 0.14 0.16 0.08 0.29 0.14 0.08 0.08 67.21 0.510 0.625 
250907-081 4 1.086 0.0712 0.00 0.02 0.12 0.15 0.08 0.31 0.16 0.08 0.07 66.07 0.505 0.613 
250907-082 4 1.0795 0.05988 0.00 0.02 0.15 0.16 0.09 0.29 0.13 0.07 0.08 69.33 0.511 0.604 
250907-083 4 1.0938 0.07789 0.00 0.03 0.16 0.16 0.10 0.29 0.15 0.07 0.06 70.42 0.529 0.598 
250907-084 4 1.061 0.14144 0.00 0.02 0.16 0.17 0.10 0.30 0.12 0.07 0.07 70.39 0.508 0.585 
250907-085 4 1.0188 0.02954 0.00 0.02 0.13 0.16 0.09 0.31 0.15 0.06 0.08 68.34 0.509 0.586 
250907-086 4 1.066 0.02046 0.00 0.03 0.14 0.16 0.09 0.30 0.14 0.07 0.07 69.34 0.514 0.579 
250907-088 4 0.9546 0.05878 0.00 0.02 0.12 0.14 0.09 0.31 0.16 0.07 0.09 65.74 0.510 0.594 
250907-089 4 1.0322 0.01619 0.00 0.02 0.17 0.17 0.09 0.30 0.12 0.08 0.06 71.58 0.526 0.617 
250907-090 4 1.0766 0.03354 0.00 0.03 0.17 0.16 0.10 0.28 0.14 0.06 0.06 72.42 0.506 0.607 
250907-091 4 1.0698 0.08708 0.00 0.03 0.16 0.16 0.08 0.29 0.14 0.06 0.07 70.18 0.497 0.597 
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Mass Fraction  
   
Sample number 
Group 
# 
LOD 
Average (%) 
LOD SD 850 425 250 180 150 75 53 45 0 d50 
Bulk 
density 
Tapped Density 
(after 1500 taps) 
250907-092 4 1.0622 0.05267 0.00 0.03 0.16 0.16 0.08 0.29 0.14 0.06 0.08 70.05 0.512 0.612 
250907-094 4 1.0152 0.03472 0.00 0.02 0.15 0.17 0.09 0.30 0.14 0.06 0.07 69.99 0.527 0.596 
250907-095 4 1.0648 0.04686 0.00 0.03 0.15 0.16 0.08 0.36 0.12 0.05 0.04 70.14 0.481 0.609 
260907-096 4 1.138 0.04311 0.00 0.03 0.15 0.15 0.10 0.29 0.14 0.06 0.08 69.23 0.499 0.616 
260907-097 4 1.1296 0.02448 0.00 0.02 0.16 0.16 0.09 0.30 0.13 0.07 0.08 69.52 0.469 0.591 
260907-098 4 1.09226 0.04767 0.00 0.02 0.17 0.17 0.09 0.29 0.13 0.06 0.06 72.11 0.501 0.610 
260907-099 4 1.1346 0.05454 0.00 0.02 0.13 0.15 0.08 0.32 0.15 0.06 0.08 67.68 0.497 0.612 
260907-100 4 1.1104 0.06383 0.00 0.03 0.17 0.17 0.09 0.34 0.12 0.04 0.04 72.27 0.477 0.604 
260907-102 4 
  
0.00 0.02 0.17 0.16 0.09 0.30 0.12 0.07 0.07 71.05 
  
260907-103 4 1.108 0.06849 0.00 0.03 0.16 0.17 0.09 0.31 0.13 0.06 0.05 71.43 0.510 0.588 
260907-104 4 1.058 0.03752 0.00 0.03 0.18 0.18 0.10 0.29 0.11 0.06 0.06 74.01 0.497 0.597 
260907-105 4 1.1104 0.06383 0.00 0.03 0.17 0.17 0.09 0.34 0.12 0.04 0.04 72.27 0.477 0.604 
260907-106 4 1.151 0.06616 0.00 0.03 0.17 0.16 0.10 0.30 0.13 0.06 0.06 71.65 0.478 0.591 
260907-107 4 1.17 0.06442 0.00 0.01 0.13 0.14 0.09 0.34 0.16 0.06 0.06 67.49 0.469 0.590 
260907-108 4 1.1704 0.05216 0.00 0.02 0.17 0.17 0.09 0.31 0.13 0.07 0.05 70.95 0.472 0.618 
260907-109 4 1.1464 0.05661 0.00 0.02 0.16 0.17 0.10 0.32 0.13 0.06 0.04 71.54 0.477 0.589 
260907-110 4 1.13 0.06865 0.00 0.02 0.15 0.18 0.09 0.33 0.14 0.06 0.03 70.93 0.488 0.588 
260907-111 4 1.0936 0.0799 0.00 0.02 0.18 0.19 0.09 0.30 0.12 0.05 0.05 73.38 0.492 0.591 
260907-113 4 0.874 0.06813 0.00 0.03 0.13 0.15 0.07 0.27 0.15 0.07 0.12 65.51 0.489 0.646 
260907-114 4 0.9944 0.05582 0.00 0.04 0.14 0.15 0.07 0.31 0.14 0.06 0.10 67.84 0.501 0.642 
260907-115 4 0.9918 0.03656 0.00 0.03 0.13 0.15 0.08 0.28 0.14 0.09 0.10 66.69 0.508 0.640 
260907-116 4 0.9554 0.02673 0.00 0.03 0.13 0.16 0.09 0.28 0.13 0.08 0.10 67.61 0.516 0.634 
260907-117 4 0.9684 0.0519 0.00 0.02 0.12 0.14 0.09 0.30 0.16 0.08 0.09 66.19 0.528 0.678 
260907-118 5 1.039 0.20653 0.00 0.04 0.16 0.18 0.07 0.28 0.14 0.06 0.07 70.49 0.511 0.659 
260907-119 5 1.008 0.02712 0.00 0.02 0.16 0.18 0.09 0.31 0.13 0.05 0.07 70.90 0.501 0.589 
260907-120 5 1.032 0.05252 0.00 0.02 0.13 0.17 0.10 0.37 0.13 0.04 0.05 69.23 0.498 0.595 
260907-121 5 1.1222 0.06968 0.00 0.02 0.13 0.16 0.10 0.33 0.14 0.06 0.07 68.39 0.483 0.586 
260907-122 5 0.9836 0.0477 0.00 0.01 0.13 0.17 0.09 0.34 0.13 0.07 0.05 69.57 0.477 0.589 
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Mass Fraction  
   
Sample number 
Group 
# 
LOD 
Average (%) 
LOD SD 850 425 250 180 150 75 53 45 0 d50 
Bulk 
density 
Tapped Density 
(after 1500 taps) 
260907-123 5 0.9105 0.08322 0.00 0.02 0.13 0.17 0.10 0.36 0.12 0.04 0.05 70.20 0.472 0.588 
260907-124 5 1.1292 0.08148 0.00 0.01 0.14 0.17 0.09 0.32 0.13 0.08 0.04 69.48 0.471 0.579 
260907-125 5 0.9972 0.10249 0.00 0.01 0.13 0.18 0.10 0.37 0.12 0.04 0.05 70.38 0.489 0.589 
260907-127 5 1.0946 0.09107 0.01 0.05 0.19 0.18 0.08 0.29 0.13 0.06 0.00 76.09 0.459 0.549 
260907-128 5 1.1416 0.09963 0.00 0.01 0.16 0.18 0.11 0.33 0.15 0.06 0.00 72.28 0.504 0.591 
260907-129 5 1.1168 0.03947 0.00 0.01 0.15 0.17 0.11 0.32 0.14 0.06 0.04 70.99 0.476 0.581 
260907-130 5 1.0246 0.10257 0.00 0.02 0.13 0.18 0.10 0.36 0.12 0.04 0.05 70.25 0.490 0.581 
260907-131 5 0.9886 0.04555 0.00 0.01 0.13 0.18 0.10 0.33 0.14 0.05 0.06 69.78 0.518 0.591 
260907-132 5 0.9522 0.05009 0.00 0.01 0.14 0.18 0.10 0.32 0.14 0.06 0.04 70.33 0.500 0.602 
260907-133 5 1.0202 0.04111 0.00 0.02 0.14 0.17 0.10 0.33 0.14 0.05 0.05 70.20 0.485 0.594 
260907-136 5 1.1342 0.06258 0.00 0.02 0.12 0.16 0.09 0.34 0.16 0.07 0.04 67.87 0.480 0.585 
260907-137 5 1.1114 0.03445 0.00 0.02 0.17 0.18 0.10 0.29 0.14 0.07 0.04 72.20 0.509 0.593 
260907-138 5 1.1132 0.02829 0.00 0.01 0.14 0.17 0.10 0.32 0.13 0.08 0.04 70.42 0.519 0.592 
260907-139 5 1.093 0.05084 0.00 0.02 0.16 0.17 0.10 0.30 0.14 0.06 0.05 72.02 0.519 0.585 
260907-140 5 1.0794 0.05144 0.00 0.01 0.13 0.17 0.09 0.33 0.14 0.07 0.06 68.23 0.501 0.582 
260907-141 5 1.0978 0.02191 0.00 0.01 0.12 0.16 0.09 0.34 0.14 0.09 0.04 67.90 0.475 0.592 
260907-143 5 1.1156 0.0633 0.00 0.02 0.14 0.16 0.10 0.33 0.15 0.06 0.05 69.23 0.500 0.581 
260907-144 5 1.0638 0.06718 0.00 0.01 0.14 0.17 0.10 0.33 0.12 0.08 0.04 69.90 0.485 0.586 
260907-145 6 1.0854 0.03062 0.00 0.01 0.13 0.18 0.10 0.33 0.14 0.06 0.04 70.02 0.516 0.582 
260907-146 6 1.135 0.02163 0.00 0.01 0.15 0.19 0.10 0.32 0.12 0.06 0.05 71.53 0.494 0.585 
260907-147 6 0.9786 0.04624 0.00 0.01 0.15 0.17 0.10 0.32 0.12 0.07 0.05 70.62 0.509 0.579 
260907-149 6 1.1106 0.04273 0.00 0.01 0.15 0.18 0.10 0.32 0.15 0.07 0.01 71.11 0.490 0.575 
260907-150 6 1.1994 0.01796 0.00 0.01 0.13 0.17 0.09 0.34 0.14 0.07 0.04 68.87 0.485 0.581 
260907-151 7 1.2174 0.02807 0.00 0.01 0.14 0.18 0.09 0.34 0.15 0.06 0.02 70.49 0.480 0.572 
260907-152 7 1.147 0.07142 0.00 0.01 0.16 0.20 0.10 0.32 0.13 0.05 0.03 72.82 0.474 0.571 
260907-153 7 1.0782 0.06096 0.00 0.01 0.14 0.17 0.11 0.32 0.14 0.06 0.04 70.79 0.494 0.586 
260907-154 7 1.1342 0.01548 0.00 0.01 0.14 0.17 0.10 0.32 0.14 0.06 0.04 70.80 0.477 0.583 
260907-156 7 1.2198 0.03567 0.00 0.02 0.16 0.19 0.09 0.32 0.14 0.05 0.03 71.89 0.467 0.575 
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Mass Fraction  
   
Sample number 
Group 
# 
LOD 
Average (%) 
LOD SD 850 425 250 180 150 75 53 45 0 d50 
Bulk 
density 
Tapped Density 
(after 1500 taps) 
260907-157 7 1.1778 0.08554 0.00 0.02 0.14 0.16 0.09 0.34 0.15 0.06 0.04 68.75 0.529 0.578 
260907-158 7 1.1598 0.07096 0.00 0.01 0.15 0.18 0.09 0.33 0.13 0.07 0.03 70.81 0.478 0.570 
260907-159 7 1.1288 0.03194 0.00 0.01 0.14 0.19 0.09 0.33 0.14 0.05 0.03 71.23 0.477 0.583 
260907-160 7 1.1338 0.04368 0.00 0.01 0.14 0.17 0.11 0.33 0.14 0.07 0.03 70.50 0.483 0.578 
260907-161 7 1.0468 0.10965 0.00 0.02 0.15 0.16 0.10 0.32 0.13 0.08 0.06 69.83 0.521 0.589 
260907-163 7 0.7788 0.02858 0.00 0.01 0.10 0.16 0.11 0.33 0.16 0.08 0.05 66.85 0.526 0.633 
260907-164 7 1.1114 0.05137 0.00 0.01 0.13 0.17 0.09 0.34 0.14 0.07 0.05 68.33 0.488 0.589 
260907-165 7 1.1112 0.06288 0.00 0.01 0.16 0.19 0.09 0.32 0.12 0.07 0.03 71.93 0.475 0.573 
260907-166 7 1.1542 0.05319 0.00 0.01 0.15 0.18 0.10 0.32 0.14 0.05 0.04 71.03 0.474 0.577 
260907-167 7 1.1098 0.03472 0.00 0.01 0.15 0.19 0.11 0.32 0.14 0.06 0.02 72.07 0.478 0.576 
260907-168 7 1.1434 0.05607 0.00 0.01 0.14 0.18 0.09 0.33 0.13 0.08 0.03 70.41 0.480 0.585 
260907-169 7 1.1652 0.06061 0.00 0.01 0.14 0.18 0.11 0.32 0.15 0.06 0.02 71.08 0.482 0.569 
260907-171 7 1.2152 0.05448 0.00 0.02 0.16 0.20 0.09 0.32 0.13 0.05 0.04 72.13 0.477 0.583 
260907-172 7 1.1364 0.02418 0.00 0.01 0.15 0.17 0.11 0.32 0.15 0.06 0.03 70.91 0.478 0.576 
260907-173 7 1.1458 0.02311 0.00 0.01 0.16 0.19 0.10 0.31 0.12 0.06 0.05 72.72 0.488 0.584 
260907-174 7 1.0644 0.07375 0.00 0.03 0.16 0.17 0.09 0.31 0.14 0.06 0.05 71.49 0.530 0.607 
260907-175 7 1.1416 0.03421 0.00 0.01 0.14 0.18 0.10 0.32 0.14 0.05 0.05 70.65 0.490 0.580 
260907-176 7 1.09 0.04022 0.00 0.01 0.15 0.19 0.10 0.33 0.12 0.07 0.04 71.55 0.487 0.576 
260907-177 7 1.1554 0.04133 0.00 0.01 0.13 0.17 0.11 0.34 0.15 0.07 0.03 69.66 0.483 0.577 
260907-179 7 1.1696 0.03572 0.00 0.01 0.13 0.18 0.09 0.34 0.15 0.05 0.04 69.76 0.479 0.578 
260907-180 7 1.1438 0.03793 0.00 0.01 0.14 0.18 0.10 0.32 0.16 0.06 0.02 71.11 0.472 0.575 
260907-181 7 1.21 0.10913 0.00 0.01 0.14 0.19 0.10 0.33 0.13 0.07 0.03 70.66 0.475 0.572 
260907-182 7 1.1894 0.04524 0.00 0.02 0.15 0.19 0.09 0.33 0.14 0.05 0.03 71.70 0.477 0.569 
260907-183 7 1.0082 0.11275 0.00 0.01 0.15 0.19 0.09 0.33 0.13 0.07 0.03 71.61 0.477 0.563 
260907-184 7 1.1236 0.03037 0.00 0.01 0.14 0.18 0.10 0.33 0.14 0.07 0.03 70.80 0.480 0.580 
260907-185 7 1.1196 0.05348 0.00 0.02 0.14 0.18 0.10 0.34 0.13 0.07 0.04 70.65 0.484 0.579 
260907-186 7 1.0566 0.02759 0.00 0.01 0.14 0.19 0.09 0.32 0.14 0.06 0.04 70.37 0.496 0.596 
260907-187 7 1.197 0.03783 0.00 0.01 0.15 0.18 0.10 0.32 0.15 0.08 0.02 70.44 0.473 0.576 
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Mass Fraction  
   
Sample number 
Group 
# 
LOD 
Average (%) 
LOD SD 850 425 250 180 150 75 53 45 0 d50 
Bulk 
density 
Tapped Density 
(after 1500 taps) 
260907-188 7 1.1618 0.08237 0.00 0.01 0.16 0.19 0.09 0.32 0.12 0.07 0.03 71.98 0.474 0.571 
260907-189 7 1.0594 0.03775 0.00 0.02 0.12 0.17 0.09 0.35 0.15 0.06 0.04 68.22 0.473 0.576 
260907-190 7 1.1028 0.08673 0.00 0.01 0.13 0.18 0.10 0.32 0.16 0.07 0.02 69.74 0.489 0.583 
260907-191 7 1.1274 0.08822 0.00 0.01 0.15 0.20 0.09 0.33 0.13 0.05 0.04 71.50 0.466 0.572 
260907-193 7 1.06 0.08334 0.00 0.02 0.16 0.17 0.10 0.32 0.12 0.08 0.03 71.57 0.478 0.570 
260907-194 7 1.158 0.05154 0.00 0.02 0.12 0.15 0.10 0.34 0.15 0.07 0.06 67.46 0.471 0.573 
260907-195 7 1.1416 0.03596 0.00 0.01 0.14 0.17 0.10 0.32 0.13 0.08 0.04 69.70 0.483 0.578 
260907-196 7 1.0856 0.03317 0.00 0.02 0.12 0.15 0.10 0.32 0.15 0.08 0.05 67.96 0.479 0.585 
260907-197 7 1.0606 0.06271 0.00 0.02 0.16 0.18 0.11 0.31 0.13 0.07 0.02 72.37 0.477 0.562 
260907-198 7 1.1602 0.0753 0.00 0.01 0.15 0.19 0.10 0.32 0.13 0.06 0.04 71.95 0.489 0.586 
260907-201 7 1.0634 0.05287 0.00 0.01 0.16 0.19 0.10 0.32 0.13 0.05 0.04 72.11 0.477 0.576 
260907-203 7 1.1686 0.16147 0.00 0.01 0.15 0.18 0.10 0.33 0.12 0.07 0.04 71.34 0.484 0.578 
260907-204 7 1.1708 0.04177 0.00 0.01 0.15 0.19 0.09 0.32 0.14 0.05 0.04 71.67 0.473 0.576 
260907-205 7 1.2206 0.06596 0.00 0.01 0.15 0.18 0.10 0.32 0.15 0.06 0.02 71.47 0.468 0.576 
260907-206 7 1.1496 0.03553 0.00 0.02 0.16 0.18 0.10 0.32 0.12 0.07 0.02 72.68 0.477 0.576 
260907-207 7 1.1142 0.05935 0.00 0.02 0.17 0.19 0.09 0.30 0.13 0.06 0.04 73.42 0.479 0.578 
260907-208 7 1.0788 0.06563 0.00 0.02 0.17 0.19 0.09 0.31 0.13 0.05 0.03 73.75 0.486 0.586 
260907-210 7 1.1694 0.03449 0.00 0.02 0.16 0.17 0.12 0.30 0.13 0.07 0.03 72.57 0.482 0.576 
260907-212 7 1.079 0.04876 0.00 0.01 0.15 0.18 0.10 0.31 0.14 0.07 0.03 71.44 0.501 0.589 
260907-213 7 1.116 0.04093 0.00 0.01 0.15 0.19 0.09 0.31 0.14 0.06 0.03 71.68 0.468 0.576 
260907-214 7 1.16 0.05612 0.00 0.01 0.17 0.18 0.10 0.30 0.15 0.07 0.02 72.34 0.460 0.569 
260907-215 7 1.1236 0.0294 0.00 0.02 0.17 0.19 0.10 0.31 0.14 0.05 0.03 73.13 0.482 0.576 
260907-216 7 1.0678 0.04518 0.00 0.01 0.14 0.18 0.10 0.32 0.13 0.08 0.04 70.57 0.480 0.579 
260907-217 7 1.1264 0.04229 0.00 0.02 0.17 0.18 0.10 0.30 0.11 0.08 0.03 73.09 0.486 0.589 
260907-219 7 1.2068 0.01548 0.00 0.02 0.17 0.19 0.09 0.30 0.13 0.05 0.04 73.29 0.462 0.572 
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Appendix 3.5 – Identified CPP’s for API 2 studies 
 
Granulation CPP’s 
Variable Units Influence 
Powder Feed Rate 1 kg. hr
-1
 Composition, throughput and PSD 
Powder Feed Rate 2 kg. hr
-1
 Composition, throughput and PSD 
Liquid Addition Rate g/min
-1
 Moisture content and PSD 
Granulator Speed rpm PSD (through residence time, shear 
force levels, and fill level) 
Granulator Barrel Temp SP 
o
C PSD (through changes in binder 
viscosity) 
Screw Configuration - PSD (through residence time, shear 
force levels, and fill level) 
 
 
Fluid bed drying CPP’s 
Variable Units Influence 
Air inlet temperature 
o
C Moisture Content 
Air inlet relative humidity % Moisture Content 
Air flow rate m
3
.hr
-1
 Moisture Content, PSD 
Cell fill time sec Moisture Content, PSD 
Cell dry time sec Moisture Content, PSD 
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Compression CPP’s 
Variable Units Influence 
Agitator mode - Weight variation 
Compression mode (Automatic) - Running of tablet press. 
Over fill cam mm Tablet weight 
Nominal weight g Tablet weight 
Paddle speed 1 rpm Weight variation 
paddle speed 2 rpm Weight variation 
Paddle design - ? 
Over fill cam mm Tablet weight 
Pre compression force N 
Hardness, disintegration and 
dissolution 
Pre compression displacement mm 
Hardness, disintegration and 
dissolution 
Main Compression force N All properties 
Main Compression displacement mm Dwell time 
Top punch penetration mm Hardness, ejection force 
Speed of press tph  
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Appendix 4.1 – RTD data from PEPT runs using Lactose 
Residence Time Distributions - Condition 1 
 
Residence time in TSG section (s) 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
A01-1 0.51 0.69 0.52 1.57 0.65 0.38 4.32 
A01-2 0.22 1.56 0.36 0.94 0.42 0.56 4.06 
A01-3 0.32 1.09 0.76 1.55 0.60 0.66 4.98 
A01-4 0.22 0.96 0.68 1.75 0.58 0.43 4.62 
A01-5 0.98 1.26 0.43 0.96 0.39 0.36 4.39 
A01-6 0.24 0.84 0.47 1.12 0.41 0.71 3.79 
A02-1 0.29 1.01 0.42 1.02 0.39 0.16 3.30 
A02-2 0.44 0.87 0.49 1.13 0.63 0.36 3.92 
A02-3 0.33 1.19 0.47 0.95 0.45 0.27 3.66 
A02-4 0.37 0.79 0.85 1.46 0.69 0.28 4.44 
A02-5 0.23 0.72 0.69 1.24 0.48 0.25 3.60 
A02-6 0.22 0.90 0.39 
    A03-1 0.21 1.18 0.64 1.43 0.65 0.25 4.36 
A03-2 0.39 1.11 0.63 0.92 0.65 0.74 4.43 
A03-3 0.33 1.63 0.66 0.83 0.71 0.58 4.75 
A03-4 0.19 1.02 0.35 0.82 0.54 0.39 3.32 
A03-5 0.15 1.53 0.49 1.04 0.53 0.25 4.00 
A04-1 0.41 1.02 0.39 1.71 0.63 0.50 4.66 
A04-2 0.34 0.92 0.52 0.89 0.46 0.49 3.61 
A04-3 0.44 1.21 0.35 0.90 0.48 0.34 3.72 
A04-4 0.56 0.93 0.80 3.88 0.47 0.17 6.81 
A04-5 0.19 1.09 0.69 0.82 0.59 0.30 3.68 
A05-1 0.29 1.40 0.63 1.83 0.43 0.35 4.92 
A05-2 0.14 0.96 0.50 
    A05-3 0.40 1.28 0.68 0.89 0.63 0.26 4.13 
A05-4 0.48 0.69 0.70 0.99 0.57 0.42 3.84 
A05-5 0.32 1.19 0.59 1.04 0.76 0.26 4.17 
A06-1 0.23 0.95 0.56 0.92 0.53 0.33 3.52 
A06-2 0.84 1.19 0.37 0.97 0.59 0.38 4.34 
A06-3 0.42 1.37 0.49 1.38 0.42 0.51 4.57 
Crossed out box’s indicates particles that broke during testing. 
Residence Time Distributions - Condition 2 
 
TSG section 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
A09-1 0.19 0.70 0.40 0.74 0.31 0.21 2.58 
A09-2 0.17 0.62 0.58 0.87 0.48 0.84 3.60 
A09-3 0.13 0.73 0.28 1.69 0.32 0.65 3.85 
A09-4 0.27 1.10 0.43 2.44 0.39 0.32 4.98 
A09-5 0.15 0.62 0.26 1.28 0.33 0.33 3.00 
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Residence Time Distributions - Condition 3 
 
TSG section 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
A10-1 0.21 1.20 1.06 3.04 0.53 0.30 6.33 
A10-2 0.61 2.01 1.16 1.15 0.59 0.26 5.78 
A10-3 0.41 1.66 0.97 1.31 0.65 0.46 5.46 
A10-4 0.50 1.01 1.11 1.12 0.54 0.27 4.55 
A10-5 0.61 0.94 1.20 2.19 0.66 0.23 5.82 
 
Residence Time Distributions - Condition 4 
 
TSG section 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
A11-1 0.34 1.56 0.61 0.75 0.44 0.28 3.98 
A11-2 0.20 0.48 0.36 1.39 0.32 0.21 2.95 
A11-3 0.43 0.80 0.41 1.31 0.40 0.19 3.54 
A11-4 0.30 1.86 0.37 1.18 0.31 0.59 4.61 
A11-5 0.13 1.01 0.42 0.94 0.37 0.28 3.15 
 
Residence Time Distributions - Condition 5 
 
TSG section 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
A12-1 0.62 1.58 0.70 0.86 0.57 0.32 4.64 
A12-2 0.94 1.22 0.76 0.87 0.44 0.45 4.68 
A12-3 0.48 1.71 0.79 0.94 0.43 0.57 4.93 
A12-4 0.82 0.88 0.69 1.18 0.57 0.44 4.58 
 
Residence Time Distributions - Condition 6 
 
TSG section 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
A10-1 0.30 1.13 0.34 1.40 0.44 0.36 3.97 
A10-2 0.06 0.90 0.26         
A10-3 0.22 0.84 0.47 1.48 0.41 0.60 4.02 
A10-4 0.15 1.31 0.29 0.98 0.76 0.28 3.76 
A10-5 0.23 0.87 0.57 1.23 0.49 0.31 3.70 
 
 
 
 
Appendix 4.1 – PEPT RTD data for lactose studies University of Surrey 
James Holman   Page 223 of 228 
Residence Time Distributions - Condition 7 
 
TSG section 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
A10-1 0.20 1.62 0.95 1.87 0.63 0.56 5.84 
A10-2 0.63 1.13 0.91 1.14 0.49 0.35 4.65 
A10-3 0.90 1.09 1.05 1.39 0.69 0.41 5.52 
A10-4 0.56 0.74 1.06 0.76 0.53 0.28 3.93 
A10-5 0.64 1.37 1.11 2.57 0.63 0.27 6.59 
 
Residence Time Distributions - Condition 8 
 
TSG section 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
A15-01 0.25 0.65 0.27 0.73 0.32 0.17 2.38 
A15-02 0.18 0.48 0.18 0.92 0.24 1.69 3.69 
A15-03 0.23 0.77 0.28 0.82 0.31 0.29 2.71 
A15-04 0.09 0.48 0.29 1.08 0.25 0.29 2.47 
A16-01 0.12 0.98 0.27 0.91 0.40 0.23 2.90 
A16-02 0.09 0.94 0.53 1.17 0.48 0.23 3.44 
A16-03 0.17 0.64 0.16 0.77 0.32 0.25 2.32 
A17-01 0.17 0.66 0.26 0.81 0.34 0.33 2.58 
 
Appendix 4.2 – PEPT back mixing data for lactose studies University of Surrey 
James Holman   Page 224 of 228 
 
Appendix 4.2 – Back-mixing PEPT data from Lactose runs 
Back mixing data – Condition 1 
Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
A01-1 3.20 3.36 2.41 6.16 4.17 7.49 
A01-2 1.35 5.60 2.19 3.92 2.69 8.96 
A01-3 2.07 5.00 3.64 8.69 3.43 11.38 
A01-4 1.30 3.67 3.25 8.59 3.74 6.81 
A01-5 4.14 6.30 2.52 4.36 2.53 7.13 
A01-6 1.94 3.32 2.26 4.97 2.58 12.22 
A02-1 1.42 4.32 2.03 4.54 2.75 3.00 
A02-2 2.32 3.41 2.26 5.20 3.21 5.21 
A02-3 1.85 3.85 2.43 4.29 3.11 5.13 
A02-4 1.86 3.06 4.17 5.52 3.60 5.61 
A02-5 1.13 2.72 3.34 4.68 2.14 6.08 
A02-6 1.46 3.16 1.93 
   A03-1 1.61 4.50 3.24 5.78 3.18 3.84 
A03-2 1.24 3.70 2.84 3.25 3.03 9.72 
A03-3 1.50 5.30 3.04 3.36 3.75 10.52 
A03-4 2.08 3.72 1.71 3.22 2.49 5.96 
A03-5 2.37 6.60 4.28 2.99 6.83 2.36 
A04-1 1.88 3.54 1.67 6.94 3.31 7.04 
A04-2 1.46 2.94 2.60 3.66 2.17 7.66 
A04-3 1.65 4.36 2.05 3.41 2.49 6.52 
A04-4 1.99 3.26 3.57 14.94 2.61 3.88 
A04-5 1.07 3.41 3.28 3.05 2.80 3.55 
A05-1 1.30 3.83 2.52 6.67 2.01 5.30 
A05-2 2.23 3.22 2.41 
   A05-3 1.96 4.57 2.90 3.08 3.08 3.37 
A05-4 1.32 2.09 2.62 3.88 2.40 4.92 
A05-5 1.44 4.11 2.39 4.23 3.61 3.73 
A06-1 1.12 2.76 2.12 3.27 2.46 4.78 
A06-2 4.33 3.86 1.53 4.35 4.92 9.11 
A06-3 1.24 3.48 2.20 3.91 1.99 6.78 
Crossed out box’s indicates particles that broke during testing. 
Back mixing data - Condition 2 
 
TSG section 
Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
A09-1 1.26 2.75 1.89 3.01 1.66 4.39 
A09-2 1.07 2.90 2.29 3.49 2.15 12.00 
A09-3 1.69 3.14 1.39 6.79 1.94 8.52 
A09-4 1.84 5.14 2.52 10.93 2.35 4.76 
A09-5 1.70 3.26 1.37 5.54 1.69 5.11 
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Back mixing data - Condition 3 
 
TSG section 
Run 
Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
A10-1 1.75 3.86 4.03 11.48 2.60 4.23 
A10-2 5.00 6.62 4.65 4.07 2.94 4.47 
A10-3 1.94 5.69 4.53 5.32 3.37 5.89 
A10-4 2.22 3.06 4.40 3.87 2.95 4.47 
A10-5 2.72 2.76 4.59 7.72 2.92 3.99 
Back mixing data - Condition 4 
 
TSG section 
Run 
Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
A11-1 1.42 4.77 3.11 2.91 2.32 5.13 
A11-2 1.58 1.48 1.73 4.92 1.80 3.93 
A11-3 1.95 2.77 1.81 4.81 1.93 3.20 
A11-4 1.48 5.86 1.73 4.32 1.69 7.19 
A11-5 1.14 3.84 1.86 3.82 1.70 6.06 
Back mixing data - Condition 5 
 
TSG section 
Run 
Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
A12-1 1.98 4.86 2.75 2.58 2.24 4.61 
A12-2 3.44 3.64 3.15 2.88 2.29 6.89 
A12-3 1.57 4.77 3.06 3.65 2.10 6.34 
A12-4 2.46 2.98 3.17 4.46 3.13 6.44 
Back mixing data - Condition 6 
 
TSG section 
Run 
Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
A13-1 1.05 3.25 1.55 3.84 1.88 5.99 
A13-2 1.14 3.37 1.12       
A13-3 1.16 2.62 1.61 4.01 1.87 5.43 
A13-4 1.00 3.35 1.17 2.94 3.73 2.53 
A13-5 1.06 2.85 2.30 3.72 2.02 4.23 
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Back mixing data - Condition 7 
 
TSG section 
Run 
Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
A14-1 2.11 3.56 3.18 5.39 7.32 13.81 
A14-2 1.00 2.47 1.26 3.26 6.44 4.88 
A14-3 3.68 2.46 3.14 4.64 4.26 7.05 
A14-4 1.42 2.02 3.03 2.78 2.45 3.21 
A14-5 2.38 3.19 2.91 6.19 2.46 3.23 
Back mixing data - Condition 8 
 
TSG section 
Run 
Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
A15-01 1.21 2.14 1.17 2.22 1.36 2.33 
A15-02 1.00 2.05 1.00 2.91 1.30 14.13 
A15-03 1.00 1.37 1.01 1.47 1.34 2.47 
A15-04 1.00 1.51 1.03 1.66 1.07 2.48 
A16-01 1.29 2.13 1.66 2.33 1.36 2.56 
A16-02 1.00 2.20 1.31 2.05 1.39 1.82 
A16-03 1.07 1.96 1.00 2.49 1.56 2.45 
A17-01 1.03 2.10 1.18 2.29 1.44 3.73 
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Appendix 4.3 – PEPT RTD data for studies using API 1 
Condition 1 
 
TSG section 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
A01-1 0.07 0.56 0.31 0.76 0.33 0.09 2.11 
A04-1 0.23 0.68 0.39 1.84 0.27 0.19 3.59 
A04-2 0.29 0.62 0.22 0.77 0.32 0.22 2.44 
A05-2 0.18 0.95 0.40 0.85 0.28 0.12 2.77 
A06-2 0.15 0.73 0.22 0.83 0.39 0.24 2.57 
A06-3 0.21 0.57 0.33 1.39 0.31 0.24 3.05 
B09-1 0.14 0.53 0.23 0.89 0.42 0.05 2.26 
B09-2 0.35 0.49 0.26 1.17 0.31 0.10 2.69 
B09-3 0.09 0.45 0.36 0.72 0.26 0.10 1.99 
 
Condition 2 
 
TSG section 
 Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 Total 
B10-1 0.66 1.24 0.39 1.05 0.49 0.35 4.19 
B10-2 0.00 0.98 0.39 1.21 0.31 0.31 3.20 
B10-3 0.42 1.05 0.51 0.92 0.45 0.12 3.48 
B10-4 0.43 0.85 0.52 0.86 0.46 0.10 3.23 
B11-1 0.60 0.94 0.29 0.89 0.35 0.07 3.13 
B11-2 0.49 0.76 0.49 1.63 0.30 0.27 3.94 
B11-3 0.45 1.61 0.47 0.69 0.32 0.10 3.63 
B12-1 0.31 1.49 0.49 1.29 0.42 0.03 4.04 
B12-2 0.48 1.48 0.39 1.36 0.43 0.18 4.32 
B12-3 0.44 1.17 0.34 1.24 0.49 0.12 3.80 
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Appendix 4.4 – PEPT back mixing data for studies using API 1 
Condition 1 
 
TSG section 
Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
A01-1 1.00 1.85 3.55 3.15 2.77 2.52 
A04-1 1.27 2.40 1.42 5.14 1.24 3.16 
A04-2 1.53 1.70 1.20 2.16 1.47 3.39 
A05-2 1.10 2.14 1.36 1.85 1.16 1.83 
A06-2 1.07 1.42 1.00 1.76 1.33 1.99 
A06-3 1.32 1.97 1.85 6.41 2.68 5.44 
B09-1 1.00 1.07 1.00 1.60 1.11 1.46 
B09-2 1.48 1.54 1.15 2.82 1.41 1.67 
B09-3 1.00 1.00 1.00 1.00 1.00 1.00 
 
Condition 2 
 
TSG section 
Run Number TZ1 KZ1 TZ2 KZ2 TZ3 KZ3 
B10-1 1.41 2.13 1.36 1.86 1.38 3.11 
B10-2 1.00 1.56 1.00 1.72 1.03 1.69 
B10-3 1.08 2.07 1.57 2.31 1.93 2.23 
B10-4 1.23 1.80 1.22 1.78 1.59 1.48 
B11-1 1.35 1.80 1.13 1.83 1.29 1.21 
B11-2 1.00 1.01 1.12 1.56 1.00 1.33 
B11-3 1.07 2.16 1.34 1.31 1.03 1.22 
B12-1 1.00 1.37 1.22 1.41 1.05 1.00 
B12-2 1.09 1.67 1.16 1.39 1.26 1.00 
B12-3 1.03 1.56 1.01 2.73 1.64 1.15 
 
